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INTRODUCTION
Phosphatidylserine (PS) is an essential phospholipid present in all mammalian cellular
membranes, and it is especially abundant at the plasma membrane inner leaflet. The plasma
membrane of eukaryotic cells is asymmetric, with choline phospholipids phosphatidylcholine
(PC) and sphingomyelin (SM) concentrated in the outer leaflet, and PS and phosphatidyl-
ethanolamine (PE) in the inner leaflet. The asymmetry is most strict for PS, with no PS
exposed on the cell surface under normal conditions. The asymmetry is maintained by the
aminophospholipid translocase that rapidly pumps PS from the outer leaflet to the inner
leaflet (see section 9).
PS exposed on the cell surface is a signal for cell phagocytosis by macrophages. PS is
exposed on apoptotic red blood cells (Schroit et al., 1985) and lymphocytes (Fadok et al.,
1992), and this leads to clearance by macrophages. Also sickled erythrocytes in sickle cell
anaemia expose PS (Lubin et al., 1981) and their lifetime in the circulation is therefore shorter
than that of normal erythrocytes. A PS-receptor on macrophages has been found (Fadok et al.,
2000). PS exposed also on the surface of macrophages is needed for phagocytosis of apoptotic
thymocytes (Callahan et al., 2000). The engulfment process seems to require interactions
between PS-exposing membranes of both the engulfing and target cells. PS exposure is
needed yet for another important event, blood coagulation. Activation of platelets leads to loss
of plasma membrane lipid asymmetry, thus exposing PS, which promotes assembly of
enzyme complexes of the blood coagulation cascade (Bevers et al., 1983, 1996). PS exposure
on cell surface is a result of redistribution of plasma membrane phospholipids, which is
accomplished by concomitant activation of plasma membrane scramblase and inhibition of
the aminophospholipid translocase, both launched by an elevation of intracellular Ca2+
concentration (Bevers et al., 1996; Bratton et al., 1997; Zhao et al., 1998).
It has been proposed that an ATP-binding cassette transporter, ABC-A1, promotes Ca2+-
induced PS translocation into the outer leaflet of plasma membrane (Hamon et al., 2000).
This ABC-A1-induced PS-exposure is suggested to be needed (i) in macrophages to enable
the engulfment of apoptotic cells and (ii) in mouse embryo fibroblasts in the release of
membrane phospholipids and cholesterol to apo-A1, the major apolipoprotein component of
the cholesterol-shuttling high-density lipoprotein particle (Hamon et al., 2000). However, it
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has been argued that cell surface PS is not sufficient to mediate cellular apo-A1 binding and
lipid efflux (Smith et al., 2002).
In addition, PS is an essential cofactor for the activation of protein kinase C (Nishizuka,
1988), and PS regulates in vitro various enzymes including glucocerebrosidase (Berent and
Radin, 1981), diacylglycerol kinase (Sakane et al., 1991), dynamin GTPase (Tuma et al.,
1993), RAF-1 protein kinase (Ghosh et al., 1994) and nitric oxide synthase (Calderon et al.,
1994).
PE has the important ability to adopt the hexagonal HII phase and other non-bilayer structures,
which is suggested to be important in membrane fusion. PS is also believed to be helpful in
fusion, as it has a tendency to destabilise bilayer structures in the presence of Ca2+ (Cullis and
de Kruijff, 1979). A possible example of this is that when Sindbis virus is internalised into a
CHO cell line defective in PS-synthesis (strain PSA-3), virus production is severely reduced.
The proposed reason is that the internalised virus cannot release its nucleocapsid because it
cannot fuse with the host endosome membranes having a diminished amount of PS (and/or PE
derived from PS) (Kuge et al., 1989).
PS is thus involved in many important cellular events. It is synthesised only in the ER (and a
specialised region of ER called MAM, mitochondria-associated membrane), but it is needed
in all cellular membranes. Therefore, translocation of PS from the site of synthesis to other
locations in the cell must take place. In addition, the concentration of PS varies among
cellular organelles, being highest in the plasma membrane. Also the distribution of PS
molecular species differs between organelles (Schneiter et al., 1999). How is intracellular PS
translocation mediated without perturbing the distinct lipid contents of organelles? Possible
lipid translocation mechanisms include transfer mediated by lipid transfer proteins, vesicular
transfer, spontaneous diffusion via cytoplasm and lateral diffusion via membrane contacts
(see section 3). How is the translocation regulated? These questions have not yet been
thoroughly answered.
In this thesis and the original publications, results are presented indicating that spontaneous
diffusion has an important role in intracellular PS translocation. It was shown that from PS
synthesised in the ER/MAM, the less hydrophobic species are rapidly translocated to
mitochondria and decarboxylated therein to PE, while more hydrophobic ones are
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translocated much more slowly (I, II). As a result, the PS species remaining in the ER/MAM
are, on the average, more hydrophobic than those initially synthesised. Many of these
obviously incorporate to exocytic vesicles and are transported to the plasma membrane. It was
also shown that PS translocation from the plasma membrane to mitochondria is much slower
for the more hydrophobic PS species (III). Therefore the hydrophobic PS species, once
arrived into the plasma membrane, may not be prone to efflux from the membrane, which
could be crucial for the maintenance of a high concentration of PS in the inner leaflet of the
plasma membrane.
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REVIEW OF THE LITERATURE
This thesis is focused on mammalian cells, but for comparative purposes data from the yeast
Saccharomyces cerevisiae is included. This eukaryotic organism is well known, and a lot of
essential information on PS metabolism and translocation has been obtained from yeast
studies.
1. Phosphatidylserine metabolism
1.1. Phosphatidylserine synthesis
In mammalian cells, PC and PE are synthesised de novo by the Kennedy-pathway from
diacylglycerol and CDP-choline or CDP-ethanolamine (Kennedy and Weiss, 1956). PS is
synthesised from existing PC and PE molecules by a base-exchange reaction, in which the
choline or ethanolamine is replaced by serine (Kanfer, 1980). It is important to note that the
base-exchange reaction is not a reversal of phospholipase D reaction. Phospholipase D
purified from rat brain hydrolyses phospholipids to phosphatidic acid, but it has no base-
exchange activity (Taki and Kanfer, 1978).
PS synthesis occurs in the ER, particularly in a specialised region of the ER called MAM for
mitochondria-associated membrane. The base-exchange reaction needs no energy, but Ca2+ is
required (Borkenhagen et al., 1961; Hübscher, 1962; Kanfer, 1980). Several agents with
activity to empty intracellular Ca2+ stores inhibit PS synthesis in glioma cells. These include
the neurotransmitters glutamate and acetylcholine which bind to cell surface receptors and
induce increase in intracellular Ca2+ concentration, thapsigargin which inhibits the ER Ca2+ -
ATPase, and the ionophore A23187 which renders cell membranes permeable to Ca2+ (Czarny
et al., 1992). Also in Jurkat T cells PS synthesis is inhibited by EGTA, Ca2+ -ionophores and
inhibitors of the Ca2+ -ATPase (Pelassy et al., 1992). Moreover, PS synthesis is decreased
markedly in activated T cells, where the intracellular Ca2+ stores have been depleted (Pelassy
et al., 1992).
It has long been argued whether the PS synthesis occurs in the cytoplasmic or luminal leaflet
of ER membranes. The requirement for Ca2+ and the inhibition of synthesis upon emptying
intracellular Ca2+ stores point to the luminal side. The PS synthase has maximal activity at 10
mM Ca2+ (Taki and Kanfer, 1978). For comparison, the cytosolic calcium concentration is
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only 0.1-0.2 M in resting cells (Carafoli, 1987), whereas in the ER lumen the concentration
can rise to millimolar range (Baranska, 1989). Another proof pointing to the luminal side
hypothesis is that in rat brain microsomes, the serine (and ethanolamine) base-exchange
activities were found to be trypsin-sensitive, in contrast to choline base-exchange activity
(Buchanan and Kanfer, 1980). Yet another possibility might be that the active site (and/or the
end-product inhibition site) of the enzyme is on the cytosolic side, but the Ca2+ activation site
is luminal.
There are two enzymes responsible for PS synthesis, phosphatidylserine synthase (PSS) I and
II. In vitro PSS I is capable of exchanging choline, ethanolamine and serine and PSS II is
capable of exchanging ethanolamine and serine but not choline (Kuge et al., 1986a). In vivo
PSS I catalyses the PC to PS conversion (Kuge and Nishijima, 1997), and PSS II the PE to PS
conversion (Saito et al., 1998).
PC is the major precursor for PS synthesis in CHO cells (Miller and Kent, 1986; Voelker and
Frazier, 1986; Stone and Vance, 1999) and resting keratinocytes (Arthur and Lu, 1993). Since
PS in turn is the major precursor for PE by PS decarboxylation in mitochondria (see section
1.5), this leads to the following scheme (Figure 1). As can be seen, choline and ethanolamine
released by the PS synthase I and II are recycled to PC and PE synthesis via the Kennedy-
pathway. This means that no PC, PE, choline or ethanolamine is consumed in the synthesis of
PS and PE.
PC PS PSPE
Ser Cho Ser EtCO2
PSS I (ER) PSS II (ER)PSD (mito)
Recycling via 
Kennedy-pathway
Recycling via 
Kennedy-pathway
Figure 1. Biosynthetic pathways for phosphatidylserine and phosphatidylethanolamine in mammalian cells. The
abbreviations used are: PSS, phosphatidylserine synthase; PSD, phosphatidylserine decarboxylase; mito,
mitochondrial; PC, phosphatidylcholine; PS, phosphatidylserine; PE, phosphatidylethanolamine; Ser, serine;
Cho, choline, Et, ethanolamine.
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CHO cell mutants lacking functional PSS I have been isolated. They have lowered PS and PE
levels, which confirms that PS is indeed a key precursor for PE in these cultured cells.
Without proper supplementation the mutants die. Mutant M.9.1.1 is rescued by addition of
PS, PE, lyso-PE or ethanolamine (Voelker and Frazier, 1986). Mutant PSA-3 is rescued by
addition of either PS or PE, but not by ethanolamine (Kuge et al., 1986a), indicating that this
mutant must be somehow defective also in the Kennedy-pathway.
The cDNAs for the PSS enzymes were first cloned from CHO cells. pssA encodes PSS I
(Kuge et al., 1991) and pssB encodes PSS II (Kuge et al., 1997). The predicted proteins
contain 471 and 474 residues, respectively, with a 32 % sequence identity. Hydrophobicity
analysis revealed that PSS I and II exhibit very similar hydrophobicity profiles. They are
highly hydrophobic proteins containing several potential membrane spanning domains (Kuge
and Nishijima, 1997). Both PSS enzymes have an ER-targeting sequence: PSS I has a C-
terminal double lysine motif (Gly-Val-Gly-Lys-Lys), and PSS II has an N-terminal double
arginine motif (Met-Arg-Arg-Ala-Glu) (Kuge and Nishijima, 1997).
Later, both PSS I and II have been cloned also from mouse. The open reading frame for both
enzymes contains 473 residues, again with only about 30 % sequence identity (Stone and
Vance, 1999). Mouse PSS I has five putative transmembrane domains, it contains the C-
terminal double lysine motif, and it is > 90 % identical to that of CHO cells and a human
myeloblast cell line (Stone et al., 1998). Mouse PSS II has six putative transmembrane
domains, it contains the N-terminal double arginine motif, and it is almost identical to the PSS
II of CHO cells (Stone and Vance, 1999).
PS synthesis is stimulated by amphiphilic cations such as oleylamine and sphingosine, and
inhibited by amphiphilic anions such as cholesterol sulfate in rat brain (Kanfer and
McCartney, 1993), rat liver and glioma C6 cell microsomes (Wiktorek-Wojcik et al., 1997).
Sphingosine is known to release Ca2+ from intracellular stores, but it is still stimulatory, at
least in microsomes. It has been speculated that sphingosine could be stimulatory in intact
cells as well, as it does not cause the Ca2+ stores to empty totally, in contrast to thapsigargin
and Ca2+ -ionophores (Sabala et al., 1996). Both the stimulators and inhibitors of PSS affect
only the Vmax without changing the Km for serine, suggesting that the mechanism of action is
related to interactions of PSS with the membrane phospholipids. The C-terminus of PSS I
carrying the double lysine motif and the N-terminus of PSS II carrying the double arginine
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motif are presumably located on the cytosolic side of the ER. These positively charged
sequences of the enzyme might interact with the negatively charged phosphates of the
membrane phospholipids in the cytosolic leaflet (Wiktorek-Wojcik et al., 1997). Another
possibility is that these positive sequences of the enzyme would interact with the negatively
charged product, i.e. PS, leading to end-product inhibition of the enzyme. The mechanism of
stimulation for PS synthesis by amphiphilic cations could then be that the positively charged
amphiphile interacts with the negatively charged PS, thus reducing the end-product inhibition
(Wiktorek-Wojcik et al., 1997).
Exogenous PS can be efficiently incorporated into CHO cells, and it suppresses endogenous
PS synthesis, with no reduction in the amount of the base-exchange enzyme (Nishijima et al.,
1986). PS inhibits the serine base-exchange activity of both PSS I and II in vitro (Hasegawa
et al., 1989). A CHO cell mutant (mutant 29) is highly resistant to this inhibition by
exogenous PS, resulting in overproduction of PS and PE (Hasegawa et al., 1989). Mutant 29
has a point mutation in the pssA gene encoding PSS I, resulting in replacement of Arg-95 by a
lysine residue (Kuge et al., 1998). Thus Arg-95 seems to be critical for PSS I regulation by PS
in CHO cells (Kuge et al., 1998). Analogously, Arg-97 seems to be critical for PSS II
regulation by PS in CHO cells (Kuge et al., 1999). Together, the putative cytosolic location of
the C-terminus of PSS I and the N-terminus of PSS II (Wiktorek-Wojcik et al., 1997) and the
predicted location of the transmembrane domains (Stone et al., 1998; Stone and Vance, 1999),
suggest that Arg-95 and Arg-97 are also located on the cytosolic side. In mouse liver, it seems
that PSS II, but not PSS I, is inhibited by PS (Stone et al., 1998; Stone and Vance, 1999).
However, also mouse liver PSS I and II contain Arg-95 and Arg-97, respectively (Stone et al.,
1998; Stone and Vance, 1999). Therefore, the exact mechanism of PS synthesis regulation
remains unresolved.
1.2. Phosphatidylserine synthesis in yeast
In the yeast Saccharomyces cerevisiae PS synthesis is not a base-exchange reaction as in
higher eukaryotes, but it occurs by de novo synthesis from CDP-diglyceride and serine as in
Escherichia coli (PS synthase EC 2.7.8.8) (Henry et al., 1984). PS is the precursor for both
PE and PC in yeast. PS is first decarboxylated to PE, which is then methylated to PC (Letts et
al., 1983). However, PS itself is not vital for yeast, as a mutant (cho1) unable to synthesise PS
is viable when supplemented with either choline, ethanolamine, mono- or dimethylethanol-
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amine (Atkinson et al., 1980). This mutant synthesises PC and PE via the Kennedy-pathway
(Kennedy and Weiss, 1956) and is thus rescued. The defect in the cho1-mutant is the total lack
of CHO1 gene, which has been shown to encode PS-synthase (Letts et al., 1983). Even
though the cho1-mutant grows well in supplemented growth medium, it has mitochondrial
abnormalities and diploid homozygotes are defective in sporulation (Atkinson et al., 1980).
The yeast PS synthase is not Ca2+-dependent and does not directly use ATP, but the
enzymatic reaction is energy-dependent owing to the requirement for CDP-diacylglycerol as
substrate (Daum and Vance, 1997). The expression of yeast PS synthase is transcriptionally
repressed by myo-inositol and choline in a coordinate manner with other phospholipid
synthesising enzymes. This theme is beyond the scope of this thesis and has been thoroughly
reviewed (Yamashita and Nikawa, 1997; Carman and Henry, 1999).
Yeast PS synthase is located in ER and MAM (Zinser et al., 1991; Gaigg et al., 1995), like
the two PS synthases of mammals. Even though the PS synthesis occurs via totally distinct
pathways in mammals and yeast, the site of synthesis and subsequent translocation to
mitochondria to yield PE are similar.
1.3. Transbilayer movement of phosphatidylserine in endoplasmic reticulum
It is still controversial whether the synthesis of PS occurs at the cytosolic or luminal surface
of the ER/MAM membrane. In any case, the newly-synthesised PS has to be translocated to
the other leaflet, in order to prevent one leaflet from expanding disproportionately. The same
is true for other phospholipids as well. It has been shown that transbilayer movement (flip-
flop) of phospholipids in microsomal vesicles is rapid, occuring in the order of seconds to
minutes (Zilversmit and Hughes, 1977; Bishop and Bell, 1985; Menon, 1995; Buton et al.,
1996). In contrast, flip-flop in pure lipid vesicles (or vesicles containing membrane proteins
from irrelevant sources, i.e. membrane proteins from biomembranes that do not synthesise
significant quantities of lipids) is very slow, in the order of hours to days (Kornberg and
McConnell, 1971a; Bishop and Bell, 1985; Menon, 1995). These large rate differences
suggest that specific membrane proteins may catalyse the rapid movement of phospholipids in
the ER membrane. Indeed, such proteins have been found and termed flippases. They are
ATP-independent, stereospecific, sensitive to proteolysis and sulfhydryl-modifying reagents,
and catalyse a bidirectional process with no apparent selectivity towards the phospholipid
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headgroup or glycerol vs. ceramide backbone (Bishop and Bell, 1985; Herrmann et al., 1990;
Menon, 1995; Menon et al., 2000). The flippase protein is required to overcome the high
energy barrier associated with taking a charged phospholipid headgroup through the
hydrophobic core of the membrane (Bishop and Bell, 1985; Menon, 1995). It has been
suggested that PE present in microsomes would facilitate the flip-flop of phospholipids due to
its ability to destabilise bilayer structures by adopting the hexagonal HII phase (van Duijn et
al., 1986), but also contradicting views exist (Buton et al., 1996).
It is possible that PS synthase itself acts as a PS flippase, since it has been suggested that lipid
synthesising enzymes having multiple transmembrane domains might act as flippases of their
product molecules, thereby integrating phospholipid synthesis and transmembrane transport
(Hjelmstad and Bell, 1991).
1.4. Phosphatidylserine remodelling
Theoretically, the acyl chains of all phospholipids, including PS, can be exchanged by
deacylation-reacylation (MacDonald and Sprecher, 1991). Phospholipase A1 and A2 can
remove the acyl chain from the sn-1 and sn-2 position, respectively, yielding a lysophospho-
lipid. This lysolipid can then be reacylated via one of two enzymes, either acyl-CoA-
lysophosphatide acyltransferase (acyl-CoA + lysolipid) or transacylase (intact phospholipid +
lysolipid) (MacDonald and Sprecher, 1991). The deacylation and reacylation reactions most
probably occur in the ER (Schmid et al., 1991).
Rat liver microsomes can carry out in vitro acylation of both 2-acyl-sn-glycero-3-
phosphoserine at the sn-1 position (unsaturated fatty acids preferred, particularly 18:0,
(Thompson and Belina, 1986)) and of 1-acyl-sn-glycero-3-phosphoserine at the sn-2 position
(unsaturated fatty acids preferred, (Holub, 1980)). However, the deacylation-reacylation
pathway seems to play a very limited role in determining the fatty acid composition of
hepatocyte PS (Bjerve, 1985). In rat liver microsomes the pattern of PS molecular species
(mostly stearoyl-unsaturated species) is markedly different from both its precursors, PC and
PE. It has been shown that this is not achieved by post-synthetic deacylation-reacylation, but
rather via direct preference by PS synthase for the 18:0/20:4 and 18:0/22:6 PC and PE species
(Ellingson and Seenaiah, 1994).
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All of the data available on PS remodelling is obtained from studies with rat liver, which is a
very specialised organ. Thus extensive conclusions applying to other types of cells or tissues
can not be drawn.
1.5. Phosphatidylserine decarboxylation
Phosphatidylethanolamine (PE) can be synthesised in three different ways in mammalian
cells: (1) by de novo –synthesis via the CDP-ethanolamine pathway (Kennedy-pathway,
(Kennedy and Weiss, 1956)), (2) by decarboxylation of PS (Borkenhagen et al., 1961) or (3)
by a base-exchange reaction. The contribution of the last, however, has been found negligible,
at least in rat liver (Bjerve, 1973). In contrast, both the Kennedy-pathway and PS
decarboxylation are important, and their contributions to total PE synthesis vary according to
cell type and nutrition.
PS decarboxylation occurs in mitochondria (Dennis and Kennedy, 1972) and is mediated by
the enzyme PS decarboxylase (PSD), which is present only in the mitochondrial inner
membrane (van Golde et al., 1974; Percy et al., 1983) with its active site facing the
intermembrane space (Zborowski et al., 1983). It is not clear if PS has to translocate to the
inner mitochondrial membrane to be decarboxylated, or if the enzyme can reach PS present in
the inner leaflet of the mitochondrial outer membrane (see section 7). PSD is not selective
towards the fatty acid composition of natural PS, at least in rat hepatocytes (Bjerve, 1985).
Voelker has shown that PS decarboxylation provides the majority of PE in BHK and CHO
cells, even in the presence of ethanolamine, since addition of ethanolamine had only a slight
inhibitory effect upon incorporation of [3H]serine to PE (Voelker, 1984). In the case of CHO
cells, there are many studies using mutant cell lines confirming that PE is mostly derived from
PS (Kuge et al., 1986a, 1986b; Miller and Kent, 1986; Voelker and Frazier, 1986). PS
decarboxylation is also the major quantitative contributor to rat hepatocyte PE (Vance, 1988),
but in the presence of ethanolamine the Kennedy-pathway in enhanced (Tijburg et al., 1989).
The same is true for human keratinocytes (Arthur and Lu, 1993), and thus there seems to be
coordination of the two pathways to prevent excess production of PE in hepatocytes and
keratinocytes.
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The physiological ethanolamine concentration in serum is 20-25 M (rat serum, Sundler and
Åkesson, 1975). This implies that in vivo cells are exposed to a constant supply of
ethanolamine. Common cell culture media do not contain ethanolamine, but they are
supplemented with fetal bovine serum that contains approximately 23 M ethanolamine
(Lipton et al., 1990). Despite the presence of ethanolamine the clear majority of PE is formed
via PS decarboxylation in cultured BHK and CHO cells (Voelker, 1984; Miller and Kent,
1986).
Why are there two different functional pathways for PE synthesis, is an intriguing question.
Most cultured mammalian cells do not have the need for exogenous ethanolamine, so it seems
likely that they have the capacity to derive PE exclusively by decarboxylation of PS. If this
indeed is the case, what is the physiological significance of the Kennedy-pathway? It has been
suggested that the Kennedy-pathway is required for synthesis of ethanolamine plasmalogen
species (alkenyl/acyl species) in neuronal and cardiac cells, in which ethanolamine
plasmalogens account for about half of total ethanolamine phosphoglycerides (Yorek et al.,
1985). It has been shown that in retinoblastoma Y79 cells serine is rapidly incorporated to
diacyl PE, but not to ethanolamine plasmalogen (Yorek et al., 1985). Heart tissue contains
more ethanolamine plasmalogens than liver or kidney, and the decarboxylation pathway is
less active in this tissue (Arthur and Page, 1991). There are contradicting results suggesting
that PS might act as a precursor for both diacyl and ether ethanolamine phosphoglycerides in
cultured rat brain cells (Yavin and Zeigler, 1977) and in cultured glioma cells (Xu et al.,
1991). These data might, however, be biased by metabolism of the labelled serine precursor to
compounds like acetate, formate and glycine (Xu et al., 1991), which incorporate to the
glycerol and fatty acid moieties of phospholipids (Voelker, 1984; Vance and Vance, 1986; Xu
et al., 1991).
According to Vance, in rat hepatocytes, where PE is methylated to PC, the two PE
synthesising pathways seem to have specific roles. PS-derived PE and PC are used mainly for
the synthesis of secreted lipoproteins (as well as CDP-choline-derived PC), whereas CDP-
ethanolamine-derived PE and PC are used by the cell itself (Vance and Vance, 1986; Vance,
1988).
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1.6. Phosphatidylserine decarboxylation in yeast
As in mammals, yeast PSD has been localised to mitochondria (Kuchler et al., 1986; Zinser et
al., 1991). It was cloned in 1993 (Clancey et al., 1993; Trotter et al., 1993). The gene was
disrupted in a haploid strain, resulting in loss of detectable PSD activity, but unexpectedly the
gene was found unessential for growth as its disruption did not lead to ethanolamine
auxotrophy, PS accumulation or elimination of PE (Clancey et al., 1993; Trotter et al., 1993).
This was very surprising, since mutation of the PS synthase is lethal in absence of
ethanolamine or choline (Atkinson et al., 1980). It was suggested that a second PSD exists.
Indeed, a non-mitochondrial PSD2 was identified and cloned two years later, and it was
exclusively present in the Golgi and vacuoles (Trotter and Voelker, 1995). PSD2 shows
surprisingly low homology to PSD1 (Voelker, 1997). PSD2 accounts for only 2-5 % of wild
type PSD activity, but this small activity is still sufficient to support growth without
ethanolamine (Trotter and Voelker, 1995). Even though a mutant lacking PSD1 is viable and
has a normal phospholipid composition, it has unstable mitochondria with a markedly reduced
content of PE, indicating that PE formed by PSD2 is not efficiently transported to
mitochondria (Trotter and Voelker, 1995). A double mutant psd1 psd2 is auxotrophic for
ethanolamine or choline, and has only 30 % of PE compared to wild type cells (Trotter and
Voelker, 1995).
The function and synthesis of PE via three different pathways in yeast has been studied
extensively. Even though it was first believed that only PC is essential for growth, it now
seems that also a minimal amount of PE is needed for cell viability (Birner et al., 2001;
Storey et al., 2001). Small amounts of PE can be produced in psd1 psd2 mutants in the
absence of ethanolamine supplementation by sphingolipid breakdown. This yields
ethanolamine-phosphate (by dihydrosphingosine phosphate lyase 1, Dpl1, (Gottlieb et al.,
1999)), which is incorporated to PE via the Kennedy-pathway. The possible role of this
minimal amount of PE needed for viability might be providing PE for GPI-anchored proteins
(Birner et al., 2001; Storey et al., 2001). It has been shown that PE is the terminal
phosphoethanolamine group donor for GPI-anchored proteins (Menon et al., 1993).
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2. Phosphatidylthreonine
A structural analogue of PS, phosphatidylthreonine (PT) was first found in egg yolk (Rhodes
and Lea, 1957) and tuna fish muscle (Igarashi et al., 1958). Later, PT was detected in BHK-
21 cells and polyoma virus transformed hamster embryo fibroblasts (Mark-Malchoff et al.,
1978). Only a trace amount of PT occurs in normal cells and tissues of hamster and mouse
embryos and adults (Mark-Malchoff et al., 1978). BHK cells can be considered transformed,
since this cell line was selected for continual growth in tissue culture, and BHK cells have
been shown to produce tumors upon inoculation into adult hamsters (Defendi et al., 1963).
Thus it seems that PT is a lipid that is produced in continuously growing or transformed
hamster cells in culture, but hardly in normal tissues (Mark-Malchoff et al., 1978).
Hippocampal astroglial cells release significant amounts of L-serine and this amino acid is
trophic for hippocampal neurons (Mitoma et al., 1998a). When hippocampal neurons are
maintained in culture without astroglial cells, the levels of sphingolipids and PS decrease
markedly in the absence of external serine or glycine, and PT appears (Mitoma et al., 1998b).
Thus PT seems to be a phospholipid appearing upon serine depletion in cultured cells. PT is
not detected in hippocampal regions of normal rat brain tissues, suggesting that serine is not
depleted in normal brain (Mitoma et al., 1998b). Indeed, it has been shown that extracellular
free L-serine is present in the central nervous system (Shimada et al., 1993).
The rat brain microsomal base-exchange enzyme synthesising PS has a 150-fold lower
affinity for L-threonine as compared to L-serine (Mitoma et al., 1998b). Thus PT synthesis is
inhibited strongly already at very low concentrations of L-serine (Mitoma et al., 1998b).
These figures provide a plausible explanation for the fact that PT is synthesised only upon L-
serine deprivation.
3. Intracellular lipid translocation mechanisms
With a few exceptions, phospholipids are synthesised in the ER, but they are needed in all
cellular membranes. Accordingly, extensive intracellular lipid translocation is needed. The
possible lipid transfer mechanisms (Figure 2) will be briefly discussed below.
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Figure 2. Intracellular lipid translocation mechanisms.
3.1. Lipid carrier proteins
Three specific phospholipid carrier proteins have been characterised from mammalian
sources: the phosphatidylcholine transfer protein (PC-TP) and two phosphatidylinositol
transfer proteins (PI-TP and SM/PI-TP, also called PI-TP and PI-TPrespectively). PC-TP
binds and transfers only PC, PI-TP binds and transfers both PI and PC, but shows an
approximately 16-fold preference for PI (van Paridon et al., 1987). Both PC-TP and PI-TP
have three separate binding sites: one for the polar headgroup, second for the sn-1 acyl chain
and third for the sn-2 acyl chain (Somerharju et al., 1987; van Paridon et al., 1988). They
exhibit clear selectivity for the hydrophobicity and steric properties of the acyl chains
(Kasurinen et al., 1990). The structure of PI-TP complexed with one molecule of PC has
been determined by x-ray diffraction techniques. A single -sheet and several long -helices
define an enclosed internal cavity in which a single phospholipid molecule is accommodated
with its polar headgroup in the centre of the protein and fatty acyl chains projected towards
the surface (Yoder et al., 2001).
PI-TPalso binds and transfers PI (and PC with lower affinity), but prefers sphingomyelin (de
Vries et al., 1995; Westerman et al., 1995). Recently also PI-TP was shown to bind and
transfer sphingomyelin (Li et al., 2002). PI-TP is predominantly present in the cytoplasm
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and nucleus, PI-TP is preferentially associated with the Golgi region (de Vries et al., 1995).
PI-TP is highly conserved among species (Wirtz, 1997). The amino acid sequence is 77 %
identical and 94 % similar to PI-TP (Tanaka and Hosaka, 1994), but shows no homology to
PC-TP (Wirtz and Gadella, 1990).
Functionally the two mammalian PI-TPs are thought not to perform actual net transfer of lipid
in vivo. Instead, they seem to act as regulators of the secretory pathway, e.g. in the budding of
transport vesicles from trans-Golgi network and in the fusion of the vesicles with the plasma
membrane (reviewed in Wirtz, 1997). No physiologically relevant functions for PC-TP have
been found so far even though the issue has been actively investigated e.g. in a knock-out
mouse model (van Helvoort et al., 1999).
3.2. Yeast phosphatidylinositol transfer protein
A PI-TP with dual specificity for PI and PC has been found also in yeast, again with a higher
affinity for PI than PC (Szolderits et al., 1989). It was found essential for cell viability (Wirtz,
1997). The yeast PI-TP gene is identical to the SEC14 gene encoding a protein required for
transport of secretory proteins from the Golgi membranes (Wirtz, 1997). Interestingly both
mammalian PI-TPs restore yeast sec14 mutants, even though neither has any sequence
homology with Sec14p (reviewed in Wirtz, 1997). Bankaitis and co-workers have shown that
yeast PI-TP is associated with the Golgi, and proposed that the role of PI-TP is to maintain the
PI/PC-ratio of yeast Golgi membranes (McGee et al., 1994; Skinner et al., 1995).
3.3. Non-specific lipid transfer protein
In addition to the specific lipid carrier proteins mentioned above, a non-specific lipid transfer
protein (nsL-TP, also called sterol carrier protein 2, SCP2) exists. It is very conserved among
species (Ossendorp and Wirtz, 1993) and transfers all common phospholipids, glycolipids,
cholesterol and oxysterols (Wirtz and Gadella, 1990). Its transfer rate in vitro correlates
inversely with lipid hydrophobicity (Nichols and Pagano, 1983; van Amerongen et al., 1989).
It has been suggested that nsL-TP does not actually carry lipids, but lowers the energy barrier
for lipid monomer dissociation and efflux from a membrane and thus enhances
intermembrane lipid transfer (Wirtz and Gadella, 1990). In all tissues except liver, the bulk of
nsL-TP is membrane-associated (Ossendorp and Wirtz, 1993).
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NsL-TP is highly concentrated in peroxisomes, but also found to a lesser extent in
mitochondria, ER and cytosol (Tsuneoka et al., 1988; Keller et al., 1989). NsL-TP is not
essential for cell viability, as a CHO cell line deficient in peroxisomes lacks nsL-TP, but is
still viable and shows no alteration in phospholipid compositions (van Heusden et al., 1990).
NsL-TP is synthesised as a precursor with a 20 amino acid signal peptide, and peroxisomes
are thought to play a role in its conversion to the mature 14 kDa protein (Ossendorp and
Wirtz, 1993). NsL-TP contains a C-terminal tripeptide Ala-Lys-Leu, which is a potential
peroxisomal targeting sequence (Ossendorp and Wirtz, 1993). Peroxisomes play an important
role in lipid metabolism, including -oxidation of very-long-chain and branched-chain fatty
acids and the synthesis of cholesterol, bile acids, ether-linked phospholipids and dolichol
(reviewed in van den Bosch et al., 1992). It is thought nsL-TP could be involved in these
processes. NsL-TP stimulates various steps of cholesterol metabolism in vitro (Ossendorp and
Wirtz, 1993) and it can bind fatty acids and long-chain fatty-acyl-CoAs (Wirtz, 1997). A
mouse lacking the gene for nsL-TP was created. No differences were observed in oxidation of
very long-chain fatty acids and palmitic acid, but the sera of these mice were 10-fold enriched
in phytanic acid, indicating that metabolism of branched-chain fatty acids was affected (Wirtz
et al., 1998). NsL-TP could also have a role in cholesterol transport to mitochondria (Daum
and Vance, 1997; Gallegos et al., 2000) and to and from the plasma membrane (Baum et al.,
1997; Atshaves et al., 2000; Gallegos et al., 2001).
3.4. Vesicular transfer
The major routes of vesicular traffic in living cells are (i) the biosynthetic pathway
responsible for the transport of proteins synthesised in the ER to the extracellular space
(secretion) or to other membrane compartments and (ii) the endocytic pathway responsible for
the uptake of compounds from the extracellular milieu to be used in cellular metabolism. The
outgoing and incoming pathways communicate through the exchange of material between the
Golgi apparatus and the endosomal elements (Olkkonen and Ikonen, 2000). Many of these
vesicular traffic steps are microtubulus-dependent (Kelly, 1990). The pathways that do not
involve microtubules are of short range, for example transfer between Golgi cisternae (Kelly,
1990).
Pagano and co-workers have studied vesicular transport in chinese hamster lung fibroblasts
(V79 fibroblasts) and CHO cells with NBD-labelled lipid analogues and radioactive lipids.
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Sphingolipids, i.e. sphingomyelin and glycolipids, travel through Golgi en route to the plasma
membrane. Upon monensin-treatment (Lipsky and Pagano, 1985) or during mitosis
(Kobayashi and Pagano, 1989), which both inhibit protein secretion, they are arrested within
the Golgi membrane, which indicates an important role of vesicular transport in trafficking of
sphingolipids. In contrast, PE and PC seem to reach the cell surface much more rapidly, and
their transport is not affected by inhibitors of protein secretion (Sleight and Pagano, 1983;
Kaplan and Simoni, 1985): (i) brefeldin A which causes disassembly of Golgi (Vance et al.,
1991), (ii) mitosis (Kobayashi and Pagano, 1989), or (iii) low temperature (Kaplan and
Simoni, 1985). However, in these transport studies only a few percent (around 2 %) of the
labelled PE and PC did reach the plasma membrane rapidly. Thus it could be an artefact
resulting from generation of labelled lysolipids which can rapidly diffuse to the plasma
membrane and be reacylated therein. Therefore the interpretation that PE and PC travel to
plasma membrane by other means than vesicular transfer could be erroneous.
3.5. Spontaneous diffusion
One of the possible mechanisms of intracellular lipid trafficking is spontaneous diffusion of
lipid monomers via the cytosol. However, this mode of transfer has not been considered
quantitatively significant in total lipid flux for two reasons. First, it has been argued that
various cell membranes are known to have different lipid compositions and this would not be
possible if spontaneous lipid transfer occurred at a significant rate. Second, the spontaneous
transfer of long-chain natural phospholipids between vesicles is relatively slow (e.g. POPC t½
= 48-50 h at 37 °C (McLean and Phillips, 1981; Jones and Thompson, 1989)). However,
these reasons no longer appear to be sufficient to rule out some kind of role for spontaneous
lipid transfer in membrane biogenesis. First, it is now known that donor membrane
composition plays a critical role in regulating lipid exchange rate. The properties of the donor
membrane that affect the efflux rate include the physical state, packing defects, membrane
curvature and presence of membrane proteins. In addition, temperature, pH and ionic strength
of the aqueous medium affect the process (reviewed in Brown, 1992). All these factors
together regulate spontaneous lipid transfer and thus could have a major role in maintaining
compositional differences in cellular membranes. As for the second argument, it has been
shown that transfer rates of long-chain PCs increase significantly when the vesicle
concentration is high (Jones and Thompson, 1989, see below), and it is reasonable to assume
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that inside the cell the cytoplasm is highly packed with various intracellular membranes and
thus the “membrane concentration” in vivo is likely to be high.
In the lipid concentration range below 2 mM transfer processes are best described by a first-
order kinetics, independent of vesicle concentration. However, at acceptor lipid
concentrations above 2 mM, a second-order term proportional to acceptor concentration must
be added (Jones and Thompson, 1990). The rate of transfer is limited by the formation of the
“activated complex” (see Figure 3) illustrated as a lipid monomer which has moved
perpendicularly to the plane of the bilayer with only the terminal carbons of its acyl chains
remaining in the bilayer. The rate of monomer desorption is enhanced by interaction with a
closely apposed membrane. The two membranes in this model are not in direct contact, but
the optimal separation distance is assumed to be approximately 15 Å, at which equal repulsive
and attractive forces are present (Jones and Thompson, 1989).
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Figure 3. Energy diagram for formation of the activated complex for monomer transfer. Panel A: Model
membrane studies have shown that the rate-limiting step in spontaneous diffusion is the efflux of a lipid
monomer from the donor membrane (arrow). Panel B: The free energy of an effluxing lipid molecule as a
function of its transversal position relative to the membrane. ‡ indicates the transition state.
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The rate-limiting step in spontaneous transfer is the desorption of the lipid monomer from the
donor membrane (McLean and Phillips, 1981; Lund-Katz et al., 1982; Massey et al., 1982a).
The efflux rate increases with decreasing chain length and increasing unsaturation (Massey et
al., 1982a; Massey et al., 1984; Ferrell et al., 1985; Massey et al., 1985; Silvius and Leventis,
1993). Also the polar headgroup influences the rate of spontaneous transfer, due to differences
in charge and hydrogen bonding properties (Massey et al., 1982b).
3.6. Lateral diffusion
It is possible that lipids could be transferred from one membrane to another by lateral
diffusion via membrane fusion/hemifusion sites. Lipidic bridges between organelles have
been postulated to exist between MAM and mitochondria (Vance, 1990) and between
mitochondrial inner and outer membranes (van Venetië and Verkleij, 1982).
Lateral diffusion of lipids is very rapid. It has been calculated that a membrane lipid would
diffuse from one end of a bacterium to the other (~ 1 M) in much less than 5 minutes, if not
obstructed by membrane proteins (Kornberg and McConnell, 1971b). Theoretically lateral
diffusion should be similar for all lipids in the same matrix. Indeed, lateral diffusion in
liposomal membranes is relatively insensitive to the nature of lipid or the number or length of
the acyl chains (Derzko and Jacobson, 1980). Small amounts of cholesterol (less than 10
mole%) increase lipid diffusion, while higher concentrations decrease it (Kuo and Wade,
1979).
4. Methods for studying intracellular lipid translocation mechanisms
Intracellular protein transport can be studied using specific antibodies, but unfortunately
useful antibodies against phospholipids are not available. Intracellular lipid trafficking has
been studied with various phospholipid analogues including radioactive, fluorescent and spin-
labelled ones.
4.1. Radioactive phospholipids
Cultured cells can be labelled with [3H]-, [14C]- or [32P]precursors that incorporate to cellular
phospholipids. For example, [3H]serine yields [3H]PS in ER/MAM by the base-exchange
reaction, and it is then converted to [3H]PE by PS decarboxylase in mitochondria. Using
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pulse-chase experiments, information on [3H]PS transport to mitochondria can be obtained
(Voelker, 1985).
The draw-back in using radiolabelled precursors is the need for many control experiments.
For example, when measuring PE labelling from [3H]serine, it is necessary to inhibit the
incorporation of [3H]serine to sphingolipids, because sphingolipid breakdown yields
phosphoethanolamine that is used for PE synthesis via the Kennedy-pathway (Hanada et al.,
1992). Another complicating issue is that serine is rapidly metabolised to acetate, formate and
glycine (Xu et al., 1991), which then incorporate to the glycerol and fatty acid moieties of
phospholipids (Voelker, 1984; Vance and Vance, 1986; Xu et al., 1991).
4.2. Fluorescent phospholipids
The advantage of using fluorescent phospholipid analogues is that they can be visualised by
microscopy, thereby avoiding laborious cell fractionations.
The first fluorescent lipid analogues used were nitrobenzoxadiazole (NBD) derivatives. The
fluorescent NBD-moiety can be attached to either the polar headgroup or at the end of one of
the acyl chains, usually at the sn-2 position. Due to their water solubility NBD-analogues are
easily incorporated to the plasma membrane from vesicles (in contrast to natural
phospholipids). However, the transport data obtained with these analogues might be
misleading, as spontaneous diffusion rates of these water soluble analogues are much higher
than those of their natural counterparts (Pagano and Sleight, 1985). In addition, acyl-NBD-
analogues are degraded rapidly in cells, with an approximate half-time of 2 hours (Pagano et
al., 1983; Sleight and Pagano, 1984, 1985; Kasurinen and Somerharju, 1995). Furthermore,
the NBD-moiety is not fully embedded in the bilayer but loops towards the membrane
interface (Chattopadhyay and London, 1987; Wolf et al., 1992; Huster et al., 2001).
Boron dipyrromethene difluoride (BODIPY) labelled lipids (reviewed in Pagano and Chen,
1998) have also been used in lipid trafficking studies. The BODIPY-fluorophore has a higher
fluorescence yield and it is more photostable than NBD. BODIPY-labelled lipids exhibit a
shift in their fluorescence emission maximum from green to red wavelengths with increasing
concentration in membranes. However, BODIPY-labelled lipids are also more hydrophilic
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than their natural counterparts (Tanhuanpää and Somerharju, 1999) and therefore diffuse
spontaneously between all accessible membrane surfaces.
Pyrene-labelled phospholipids provide a probe in which the fluorophore is suggested to
minimally affect the properties of the labelled lipid (reviewed in Pownall and Smith, 1989;
Somerharju, 2002). The pyrene-moiety can be incorporated to either sn-1 or sn-2 acyl chain
(monopyrene lipid) or both (dipyrene lipid), see Figure 4. The pyrene-moiety is hydrophobic
and thus (i) the spontaneous diffusion rates of long-chain pyrene lipids are similar to natural
lipids, (ii) the pyrene-moiety is embedded in the membrane (Somerharju, 2002), (iii) pyrene
lipids are transferred by the lipid transfer proteins PC-TP (Somerharju et al., 1987), PI-TP
(van Paridon et al., 1988) and nsL-TP (Huuskonen et al., 1998). Additional advantages are
that (iv) pyrene lipids are much more stable with a half-time of degradation over 24 hours
(Kasurinen and Somerharju, 1995), (v) pyrene lipids can be synthesised with varying acyl
chain lengths, which gives useful information on intracellular lipid transfer mechanism, and
(vi) dipyrene lipids exhibit excimer fluorescence (480 nm) in addition to monomer
fluorescence (395 nm), and thus selective monitoring of intact dipyrene lipids is possible
(Kasurinen and Somerharju, 1995).
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Figure 4. Pyrene-labelled phosphatidylserine analogues. On the left a monopyrene phosphatidylserine
(14:0/Pyr10-PS) and on the right a dipyrene phosphatidylserine (DiPyr10PS) are shown. The subscript number
after Pyr denotes the number of aliphatic carbons in the pyrenylacyl chain.
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4.3. Spin-labelled phospholipids
Spin-labelled lipids have a nitroxide group attached to the polar headgroup or to one of the
acyl chains. The nitroxide group is a stable radical, whose unpaired electron enables
monitoring with electron spin resonance (ESR) spectrometer. Kornberg and McConnell
devised an experimental set-up to study phospholipid flip-flop using spin-labelled
phospholipids (Kornberg and McConnell, 1971a). The spin-labelled molecules in the outer
leaflet of a vesicle can be reduced with ascorbate, resulting in loss of ESR-signal. Ascorbate
does not cross the membrane, and thus the inner leaflet spin-labelled lipids remain intact.
Another possibility for asymmetry determination is to extract the spin-labelled species from
the outer leaflet with bovine serum albumin (Morrot et al., 1989). Spin-labelled PS and PE
analogues contributed to the discovery of the plasma membrane aminophospholipid
translocase (Seigneuret and Devaux, 1984).
4.4. Stable isotope labelling
Electrospray mass spectrometry in combination with stable isotope -labelled precursors is a
potential method for studying intracellular lipid trafficking. Deuterium-labelled ethanolamine
and choline have been used to study the contributions of the Kennedy-pathway and PE
methylation pathway in PC synthesis in rat hepatocytes (DeLong et al., 1999). The use of
headgroup-specific scanning modes allows one to selectively detect and quantify both labelled
and unlabelled lipid molecular species conveniently and with high sensitivity (Han and
Gross, 1995).
5. Phosphatidylserine translocation from ER to mitochondria
Mitochondria are able to perform de novo synthesis of cardiolipin (Hostetler et al., 1971) and
to decarboxylate imported PS to PE (Dennis and Kennedy, 1972). The remainder of lipids
must be imported from the main site of cellular lipid synthesis, the ER. How is PS
translocated to mitochondria? The arrival of PS to mitochondria can be measured by
monitoring the conversion of PS to PE (Voelker, 1985; Vance and Shiao, 1996), assuming
that transfer to mitochondria rather than decarboxylation itself is rate-limiting (Voelker,
1989a). The translocation is rather slow, with a half-time of 5-7 hours (Voelker, 1985; Vance
and Vance, 1988). This seems inconsistent with the existence of a permanent membrane
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continuum between ER/MAM and mitochondrial membranes, which would allow fast lateral
diffusion of PS to mitochondria.
Vesicle-mediated transfer is not likely either since (i) no vesicle transport to mitochondria has
been observed, (ii) 45-fold dilution of the cytosol in permeabilised CHO cells did not affect
PS translocation to mitochondria (Voelker, 1990) and (iii) in permeabilised and sheared CHO
cells PS translocation was restricted to autologous mitochondria, i.e. mitochondria of the
same cell (Voelker, 1993).
The involvement of cytosolic proteins seems also unlikely, since both in cell-free systems of
reconstituted microsomal and mitochondrial membranes (Voelker, 1989a; Vance, 1991) and
in permeabilised CHO cells (Voelker, 1989b, 1990) translocation of PS to mitochondria was
independent of cytosolic proteins. Specifically, nsL-TP is not involved, since PS transport to
mitochondria is normal in CHO mutant cells lacking this protein (van Heusden et al., 1990).
Inhibitors of cytoskeleton do not affect PS translocation to mitochondria in intact CHO cells
(Voelker, 1989b). There seems to be no other cofactors needed than ATP, Ca2+ and Mg2+
(Voelker, 1990). Energy is needed for PS translocation to mitochondria in intact and
permeabilised cells (Voelker, 1985, 1989b, 1990). However, no ATP is needed in cell-free
systems of reconstituted microsomal and mitochondrial membranes (Voelker, 1989a). This
lead to the conclusion that PS translocation to mitochondria is a two-step process, the first
step being ATP-dependent and the second one being ATP-independent (Voelker, 1989b). It is
not clear for what ATP is needed. One possibility could be because mammalian PS synthesis
requires it (Daum and Vance, 1997).
It seems that MAM has a major role in PS translocation to mitochondria. First, both PS
synthases are enriched in MAM (Vance, 1990; Stone and Vance, 2000). Second, newly-
synthesised PS is preferentially translocated to mitochondria in isolated organelles of rat liver
(Vance, 1991) and brain (Corazzi and Arienti, 1992; Corazzi et al., 1993) and in intact CHO
cells (Shiao et al., 1995). Third, it has been shown that newly-synthesised PS traverses MAM
en route to mitochondria (Shiao et al., 1995). The ER/MAM has been shown to be closely
associated with mitochondria in thin section electron microscopy of tissues or isolated
mitochondria and microsomes (Franke and Kartenbeck, 1971; Morré et al., 1971; Lewis and
Tata, 1973; Meier et al., 1981). Even though there is apparently no membrane continuity,
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there might be some kind of channelling of PS from ER/MAM to mitochondria, as PS is
translocated only to autologous mitochondria but not to those derived from a different cell
(Voelker, 1993), and as extensive dilution of permeabilised cells had no effect on the
translocation of newly-synthesised PS from ER to mitochondria (Voelker, 1990).
The most recent data suggest that some membrane-associated proteins are involved in PS
translocation to mitochondria. A mitochondrial fusogenic glycoprotein has been proposed to
promote PS transfer from donor liposomes to isolated rat brain mitochondria (Camici and
Corazzi, 1997). Treatment of mitochondria with pronase or with a carboxyl modifying reagent
partly inhibited the putative fusion, and the purified protein markedly restored the “fusion”
capability of pronase-treated mitochondria (Camici and Corazzi, 1997). Analogously, in a rat
liver cell-free system of isolated microsomes and mitochondria, proteolysis of mitochondria
with trypsin or treatment with sulfhydryl-modifying reagents inhibited PS translocation to
mitochondria, whereas proteolysis of MAM had no effect (Shiao et al., 1998). Thus a
mitochondrial protein appears to promote PS translocation to mitochondria. However,
Voelker found that pronase and trypsin treatment had no effect in isolated rat liver organelles
(Voelker, 1989a). A possible explanation (Shiao et al., 1998) for this discrepancy could be
that Voelker’s mitochondria contained associated MAM, which could have protected them
from proteolysis.
Recently, it was discovered that a soluble protein from bovine brain cytosol enhances PS
translocation to mitochondria in permeabilised CHO cells (Kuge et al., 2001). The  partial
sequence of the protein was determined and found identical to an EF-hand calcium-binding
protein, S100B (Kuge et al., 2001). Also this finding is in contrast with previous work by
Voelker where cytosol was slightly inhibitory in permeabilised CHO cells (Voelker, 1990). A
possible explanation (Kuge et al., 2001) could be that different assay conditions were used.
Voelker examined the effect of cytosol in the presence of EGTA which chelates Ca2+ and
arrests PS synthesis, whereas the assay of Kuge et al. contained Ca2+ allowing PS synthesis to
continue.
In conclusion, the exact mechanism of PS transfer from ER/MAM to mitochondria is still
unresolved. It seems likely that vesicular transport, nsL-TP or lateral diffusion via permanent
membrane continuity are not involved. The remaining possibilities are spontaneous diffusion
and protein-mediated translocation. Possibly PS-binding proteins on mitochondrial surface
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preferentially bind regions of MAM enriched in PS, thereby enhancing PS translocation from
MAM to mitochondria (Shiao et al., 1998).
6. Phosphatidylserine translocation from ER to mitochondria in yeast
In yeast, as in mammalian cells, PS synthase is enriched in MAM (Gaigg et al., 1995), which
is closely associated with mitochondria as it co-sediments with them (Zinser et al., 1991).
Also electron microscopy data support this close association (Achleitner et al., 1999). The
translocation of PS to mitochondria is independent of ATP, cytosol, bivalent cations and
ongoing PS synthesis (Simbeni et al., 1993; Achleitner et al., 1995; Achleitner et al., 1999).
The cytoskeleton is probably not involved either (Gnamusch et al., 1992). Proteinase
treatment of mitochondria diminished PS translocation by 30 %, and treatment of both MAM
and mitochondria diminished PS translocation by 50 % (Achleitner et al., 1999). Thus it
appears that mitochondrial proteins, and maybe MAM proteins, are involved in the
translocation event.
Voelker and co-workers have examined the translocation of PS to the sites of PSD1
(mitochondria) and PSD2 (Golgi/vacuoles) using several yeast mutants. Using a mutant
lacking PSD1, it was found that PE formed by PSD2 is not efficiently transported to
mitochondria, as indicated by a markedly reduced content of PE in mitochondria (Trotter and
Voelker, 1995). Another mutant lacking PSD1 (pstB1) accumulates PS and shows diminished
PE formation because of a defect in translocating PS to PSD2 in Golgi/vacuoles (Trotter et
al., 1998). This mutation is complemented by a gene encoding a PI-4-kinase (Trotter et al.,
1998). Another PS transport mutant (pstB2) is complemented by a gene encoding a protein
that is homologous to Sec14, i.e. the yeast PI-TP (Wu et al., 2000). PS translocation to the site
of PSD2 seems to require Mn2+ and to be inhibited by EGTA in permeabilised yeast cells (Wu
and Voelker, 2001).
In summary, PS is probably translocated to mitochondria from MAM, which is tightly
associated with mitochondria. In electron microscopy (EM) pictures of yeast thin sections the
MAM and mitochondrial membranes were clearly distinct with no fusion sites detected, and a
distance less than 30 nm was considered association (Achleitner et al., 1999). Putative
proteins are thought to enhance the association. The mechanism by which the lipids are
translocated between the two apposed membranes is still unclear.
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7. Phosphatidylserine translocation from outer mitochondrial membrane to inner
mitochondrial membrane
PSD is present only in the inner mitochondrial membrane (IMM) with its active site facing
the intermembrane space (Zborowski et al., 1983). It is, however, not clear if PS has to really
move into IMM to be decarboxylated (Voelker, 1989a; Jasinska et al., 1993; Trotter and
Voelker, 1994).
Three alternative models for intramitochondrial transfer of PS and PE have been proposed by
Jasinska et al. (1993) based on data from the authors themselves and others (Figure 5). Model
A proposes that contact sites between the IMM and outer mitochondrial membrane (OMM)
could form a closed system (Fig. 5a). This would explain why newly-formed PE is not mixed
with the IMM-PE in rat liver (Hovius et al., 1992) and yeast mitochondria (Simbeni et al.,
1990; Simbeni et al., 1993). (See section 8. for contradicting data regarding the fate of newly-
formed PE.)
In Model B (Fig. 5b) PS transfer from OMM to IMM takes place by spontaneous or protein-
mediated diffusion, which both are highly dependent on lipid hydrophobicity (see Figure 13
in Discussion). PS decarboxylation in isolated rat liver mitochondria was studied using
pyrene-labelled PS (PyrnPS). Various PyrnPS species were decarboxylated at a similar rate
irrespective of their hydrophobicity (Jasinska et al., 1993), thus contradicting Model B. In
addition, no evidence so far for a lipid transfer protein that would mediate the transfer
between OMM and IMM has been found in the intermembrane space of rat liver (Blok et al.,
1971) or yeast mitochondria (Simbeni et al., 1990).
It is possible that PS does not necessarily have to move into IMM to be decarboxylated, but
that PSD can reach to PS present at the inner leaflet of OMM, depicted by Model C (Fig. 5c).
It was concluded that both model A and C are probable, as both involve lateral diffusion,
which is quick and not dependent on lipid hydrophobicity (Jasinska et al., 1993). In both
models, PS has to first move to the inner leaflet of OMM, which is suggested to take place via
lateral diffusion at membrane pore sites in OMM (Jasinska et al., 1993). No evidence for the
presence of a flippase in OMM has been found (Sperka-Gottlieb et al., 1988).
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Figure 5. Models for the intramitochondrial transfer of PS and PE. According to Model A, lipids move between
OMM and IMM by lateral diffusion through so called hemi-fusion sites bridging the two membranes. In Model
B this movement is accounted by either lipid transfer proteins (LTP) or by spontaneous diffusion through the
intermembrane space. Model C implies that the decarboxylation takes place while PS remains in the inner leaflet
of the outer membrane. The pores drawn to OMM may correspond those known to allow the pass-through of
various kinds of small molecules. OM, Outer membrane; IM, inner membrane; DC, phosphatidylserine
decarboxylase; LTP, lipid transfer protein. Reprinted with permission from (Jasinska et al., 1993).
Contact sites (reviewed in Moynagh, 1995) are areas where OMM and IMM are closely
associated, possibly the membranes transiently hemi-fused. They were first observed by
Hackenbrock in EM images of rat liver mitochondria (Hackenbrock, 1968). The existence of
contact sites is supported by the atypical behaviour of the fracture plane in freeze-fractured
mitochondria, which is characterised by frequent jumping of the fracture plane between the
adjacent membranes. Contact sites are enriched in PE and cardiolipin both in mouse liver
(Ardail et al., 1990) and yeast mitochondria (Simbeni et al., 1991). These lipids favour a
hexagonal non-bilayer structure (HII phase), which has been proposed to be involved in the
formation of hemi-fusion sites between OMM and IMM (van Venetië and Verkleij, 1982).
Contact sites seem to be involved in intramitochondrial translocation of PS in mouse liver
(Ardail et al., 1991) and yeast mitochondria (Simbeni et al., 1990). Contact sites are closely
associated with ER/MAM as seen in EM pictures of both thin sections of whole mouse liver
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cells and of isolated mitochondria (Ardail et al., 1993). Dinitrophenol (DNP) inhibits PS
decarboxylation by decreasing the amount of contact sites (Knoll and Brdiczka, 1983;
Biermans et al., 1990) rather than by inhibiting PSD itself (Hovius et al., 1992). It has been
postulated that upon incorporation of the negatively charged DNP into the mitochondrial
membranes the intermembrane space is increased due to electrostatic repulsion between the
membranes (Bücheler et al., 1991), thus pulling the contact sites apart.
There is one report of PS accumulating into contact sites of mouse liver mitochondria when
PS decarboxylase was inhibited with hydroxylamine (Ardail et al., 1991). However, in rat
liver mitochondria treated with hydroxylamine, no PS segregation in OMM was found
(Jasinska et al., 1993). Neither was there found PS enrichment to contact sites in yeast
mitochondria treated with hydroxylamine (Simbeni et al., 1993). Even though PSD is found in
contact sites, it is not enriched as compared to IMM (Simbeni et al., 1991; Hovius et al.,
1992).
One study reported that adriamycin, which inhibits import of mitochondrial precursor proteins
to mitochondria, inhibits PS translocation to mitochondria in permeabilised CHO cells
(Voelker, 1991). This finding could not be reproduced with isolated rat liver mitochondria
(Jasinska et al., 1993) or yeast mitochondria (Simbeni et al., 1993). Therefore adriamycin
could actually inhibit PS translocation from ER/MAM to OMM rather than intramito-
chondrial PS translocation (Jasinska et al., 1993).
Recently, a CHO cell mutant with decreased cellular PE level was isolated, in which neither
PS synthesis nor decarboxylase activities were affected (Emoto et al., 1999). The
translocation-dependent decarboxylation in isolated mitochondria was defective, whereas
normal decarboxylation was observed in mechanically disrupted mitochondria. This suggests
that the intramitochondrial infrastructure was disturbed in this mutant and thus PS
translocation was defective (Emoto et al., 1999). This mutant could therefore be useful in
further studies of intramitochondrial PS translocation.
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8. Phosphatidylethanolamine translocation from mitochondria to ER and other
destinations
What are the sites where the newly-formed PE will proceed from mitochondria? As IMM is
enriched in PE (Daum, 1985), it would be logical to assume that this PE would be derived
from PS. This seems to be the case in CHO cells, where the majority of mitochondrial PE is
derived from PS in situ, even when ethanolamine is supplied in the culture medium (Shiao et
al., 1995). Also in rat brain mitochondria IMM-PE derives from PS (Carlini et al., 1993;
Camici and Corazzi, 1995). However, it appears that newly-formed PE does not mix with pre-
existing PE of IMM but translocates rapidly to OMM in rat liver mitochondria (Hovius et al.,
1992) and in yeast (Simbeni et al., 1990; Simbeni et al., 1993). Also in mouse liver
mitochondria newly-formed PE is exported very rapidly to mitochondrial surface via contact
sites (Ardail et al., 1991).
Newly-made PE has been shown to be translocated to ER in isolated rat liver organelles
(Vance, 1991) and to the cell surface in rat hepatocytes (Vance et al., 1991). In BHK cells,
about half of the PE pulse-labelled from [3H]serine had moved from mitochondria to
microsomes during the 7.5 hour chase period (Voelker, 1985).
How could one explain these contradicting results regarding the intracellular translocation of
newly-synthesised PS-derived PE? It is possible that the fate of PE depends on the cell type
and on the contribution of the decarboxylation pathway to total PE synthesis. If most of the
PE is formed via decarboxylation, then PS-derived PE has to account for both mitochondrial
PE as well as that in other organelle membranes. If only a minority of PE is formed via
decarboxylation, as in rat brain (Butler and Morell, 1983), only IMM-PE is derived from
decarboxylation and OMM-PE derives from the Kennedy-pathway (Camici and Corazzi,
1995). It is likely that also the growth status of cells (actively growing/dividing vs.
resting/confluent cells) could affect the fate of PE, since an actively dividing cell obviously
needs more phospholipids than one in a stationary state.
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9. Phosphatidylserine translocation from plasma membrane to mitochondria
Exogenous PS can be incorporated into CHO cells, as deduced from the facts that it
suppresses PS synthesis (Nishijima et al., 1986) and supports growth of mutant CHO cells
defective in PS synthesis (Kuge et al., 1986a; Voelker and Frazier, 1986). Part of the
exogenous PS is further converted to PE, implying that it is translocated to mitochondria
(Voelker and Frazier, 1986). It is unclear how hydrophobic PS molecules have entered the
cell in these studies where sonicated PS donor vesicles were incubated with cells. It is
possible that only the lyso-PS present in the PS preparation had moved to the cells.
Exogenously added fluorescent NBD12PS has been shown to incorporate to the plasma
membrane and then move to mitochondria and the Golgi apparatus. It was suggested that a
transfer protein would be responsible for this transfer (Kobayashi and Arakawa, 1991). This
conclusion was, however, based only on lack of effect with various transport inhibitors
(Kobayashi and Arakawa, 1991). Later, evidence was provided that NBD12PS is much less
hydrophobic than the typical natural PS species and can thus diffuse quite rapidly between
membranes without the assistance of transfer proteins (Tanhuanpää and Somerharju, 1999).
Also short-chain fluorescent dipyrene PS species rapidly distribute to intracellular membranes
including mitochondria (Kasurinen and Somerharju, 1995; Tanhuanpää and Somerharju,
1999). In contrast, a long-chain dipyrene PS species seemed to stay in the plasma membrane
as well as in the connected endosomal membranes in fluorescence imaging studies
(Tanhuanpää and Somerharju, 1999).
9.1. Plasma membrane aminophospholipid translocase
The plasma membrane of eukaryotic cells is asymmetric in terms of phospholipid
composition. Choline phospholipids (PC and SM) are enriched in the outer leaflet and the
aminophospholipids (PS and PE) in the inner leaflet (Devaux, 1991). The asymmetric
distribution of aminophospholipids is maintained by the plasma membrane
aminophospholipid translocase (flippase), that was first found by Seigneuret and Devaux
(1984) from erythrocytes. Thereafter this activity was detected in platelets, lymphocytes,
reticulocytes, endothelial cells, human fibroblasts, sperm cells, and yeast cells, as well as in
chromaffin granules (reviewed in Dolis et al., 1997). The flippase prefers PS, while PE is
translocated at a slower rate (Zachowski et al., 1986).
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Evidence for a protein being responsible for aminophospholipid asymmetry comes from the
(i) translocation being inhibited by sulfhydryl modifying reagents (Daleke and Huestis, 1985;
Zachowski et al., 1986) and from selectivity for the substrate: (ii) Although both the L-serine
and D-serine analogues of PS are transported equally well, inversion of the stereochemistry of
the glycerol group abolishes translocation (Daleke and Lyles, 2000). (iii) Replacing the
diacylglycerol moiety of PS with ceramide reduces translocation 100-fold (Morrot et al.,
1989). (iv) In contrast, the flippase is relatively insensitive to the fatty acid composition, but
the presence of two fatty acids is required, as lyso-PS is translocated at a negligible rate
(Morrot et al., 1989).
CHO cell mutants defective in endocytosis-independent uptake of PS have been isolated, and
the defect has been postulated to be in the aminophospholipid translocase (Hanada and
Pagano, 1995; Endo et al., 1996). The cDNA encoding a Mg2+-ATPase was cloned from
bovine chromaffin granules (Tang et al., 1996). A highly homologous DRS2 gene was found
in yeast, and a drs2 null mutant was shown to be defective in aminophospholipid transport
(Tang et al., 1996). The potential role of the Drs2 protein in aminophospholipid transport was
however questioned because (i) no change in the uptake or distribution of NBD-PS and NBD-
PE was observed, and (ii) the distribution of endogenous PE in the plasma membrane was not
affected in the drs2 null mutant (Siegmund et al., 1998).
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AIMS OF THE PRESENT STUDY
The overall goal was to study by which mechanism phosphatidyl-
serine translocates from ER and from plasma membrane to
mitochondria. To approach this goal we studied:
 The effect of hydrophobicity of phosphatidylserine on its
translocation from ER to mitochondria
 The effect of hydrophobicity of phosphatidylthreonine on its
translocation from ER to mitochondria
 The effect of hydrophobicity of phosphatidylserine on its
translocation from plasma membrane to mitochondria
In addition, the suitability of electrospray ionisation mass
spectroscopy in combination with stable isotope precursor labelling
for intracellular lipid trafficking studies was explored.
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EXPERIMENTAL PROCEDURES
Sources of lipids and other reagents can be found in the original papers (I-III).
Cell culture
BHK-21 cells (C-13, CCL-10, from the American Type Culture Collection, Manassas, VA)
were cultured on plastic tissue culture dishes or flasks (Nunc, Roskilde, Denmark) in DMEM
(Gibco 41965) supplemented with 10 % fetal bovine serum, 2 mM glutamine, penicillin (200
units / ml) and streptomycin (200 g / ml) under 5 % CO2 at 37 C. Wild type CHO-K1 cells
and the CHO-82 mutant cells lacking the non-specific lipid transfer protein (van Heusden et
al., 1990) were provided by Dr. R. A. Zoeller (Boston University School of Medicine,
Boston, MA), and were grown in Ham’s F-12 medium (Gibco 21765) with the supplements
listed above. All cell culture media and supplements were from Gibco BRL (Life
Technologies Inc., San Diego, CA, USA). For labelling, cells were plated either on 5-cm
(diPyrnPS and [
3H]serine labellings) or 14-cm (stable isotope labellings) dishes 2-3 days prior
to the experiment. A CO2-independent medium (I-MEM, Gibco 18045) was used when the
labelling and the chase were performed outside the CO2-incubator. All labelling and chase
media were serum-free. To deplete ATP, the cells were maintained in a glucose-free medium
(Gibco 11966) containing NaN3 and deoxyglucose.
Cell labelling procedures
Labelling with  3H-serine (I)
Confluent monolayers of BHK or CHO cells were preincubated in a serum-free medium for
12 hours, washed twice with PBS, and then labelled for 15 min at 37 C in serine-free MEM
(Gibco 21090) containing 15 Ci of 3H-serine. In some experiments, -chloroalanine (1
mM), an inhibitor of serine palmitoyltransferase (Medlock and Merrill, 1988; Chen et al.,
1993) was added in the medium two hours prior to the pulse. After the pulse, the cells were
washed twice with PBS and chased at 37 C in serum-free medium containing serine (1 mM)
and ethanolamine (1 mM) for up to 22 h. They were then washed twice with PBS and scraped
into PBS.
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Labelling with deuterium-serine or 13C-threonine (II)
Half-confluent BHK cells were incubated for 1 hour with 0.64 mM D3-L-serine in 10 ml
serine-free MEM (Gibco 21090), washed twice with PBS, and chased at +37°C in normal
medium without serum for 1-2 days. Alternatively, the cells were incubated in 10 ml serine-
free MEM containing 5.1 mM 13C4-L-threonine for up to 4 days. After these incubations the
cells were washed twice with PBS and once with 0.25 M sucrose and scraped into ice-cold
0.25 M sucrose.
Introduction of dipyrene phosphatidylserine species to the plasma membrane (III)
Two alternative methods were used to introduce diPyrnPS to the plasma membrane of BHK
cells. First, carboxyethyl--cyclodextrin (-CD) was used to transfer the fluorescent PS to cells
at +37 °C (Tanhuanpää and Somerharju, 1999). The donor vesicles consisted of diPyrnPS and
POPC (1/9 molar ratio) plus a trace amount of [3H]cholesteryl ether (1,000,000 cpm) as a
nonexchangeable vesicle marker. The labelling time and the concentrations of diPyrnPS and -
CD were adjusted depending on the diPyrnPS used as specified in Table 1 of III. The second
labelling method employed fusion of cationic donor vesicles with cells (Felgner et al., 1987;
Düzgünes et al., 1989). The donor vesicles consisted of diPyrnPS, DOPE and DOTMA (5 / 15
/ 20 nmol) and [3H]cholesterol ester (200,000 cpm). The labelling was performed at +8 °C for
1 h.
Control experiments in Triton X-100 micelles
PS decarboxylase (PSD) from rat liver (Dygas and Zborowski, 1989) was used because it was
impractical to obtain sufficient amounts of enzyme from BHK cells. It is very unlikely that
the specificities of the rat and hamster enzymes would differ significantly since mammalian
PS decarboxylase is highly conserved (see II and III). The buffer used in these micelle
experiments was 0.1 M phosphate (pH 7.4) containing 1.5 mM Triton X-100 and 1 mM
EDTA.
Decarboxylation of  3Hphosphatidylserine species in Triton X-100-micelles (I)

3H-PS (approx. 450 nmol) was blown to dryness, phosphate buffer was added and the
mixture was sonicated for 4 min on a bath sonicator to assure complete dispersion of the lipid.
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After addition of crude rat liver PSD (0.9 mg) solubilised in the same buffer, the reaction
mixture was incubated in a shaking water-bath at 37 C and aliquots were removed at 5, 10,
15 and 20 min of incubation and mixed with chloroform-methanol (1:2). Lipids were then
extracted and 3H-PS and 3H-PE were separated with TLC as described below, except that
the TLC plate was first developed with acetone to remove -mercaptoethanol (originating
from the PSD preparation) which interferes with the subsequent TNP-derivatisation step.
Decarboxylation of phosphatidylserine in Triton X-100 micelles (II)
The “PS” fraction was isolated from BHK cells by HPLC and pipetted to a silylated glass
tube. After removal of the solvents, 100 l phosphate buffer was added and the suspension
was bath-sonicated for 4 minutes at 50 °C. Then 450 g of crude rat liver PSD was added and
the reaction mixture was incubated at 37 °C. After various incubation times, aliquots were
taken to silylated glass tubes containing 1 ml of methanol, the lipids were extracted and the
“PE” and “PS” fractions were isolated by HPLC and then analysed by ESI-MS.
Determination of the substrate specificity of phosphatidylserine decarboxylase (III)
To test if PSD is sensitive to the chain length of diPyrnPS, the species (0.5 nmol) were
pipetted either separately or together into silylated glass tubes containing bovine brain PS
carrier (30 nmol). After removal of the solvents, 100 l phosphate buffer was added and the
suspension was bath-sonicated for 4 minutes at 50 °C. Then 80 g of crude rat liver PSD was
added and the reaction mixture was incubated at 37 °C. After various incubation times,
aliquots were taken to silylated glass tubes containing 1 ml of methanol and the lipids were
extracted and analysed by HPLC as detailed below.
Lipid extraction and molecular species composition analysis (I)
Bovine brain PS carrier (50 nmol/dish) was added to the cell pellet, and lipids were extracted
according to Bligh and Dyer (1959) using 2 % NaCl / 5 % acetic acid instead of water. PS and
PE were purified by TLC using chloroform / methanol / acetic acid / water (25:15:4:1) as
solvent, and the lipids were eluted from silica with chloroform / methanol / 0.2 M acetic acid
(1:1:0.2). To analyse the 3H-labelling of PS and PE molecular species, these lipids were
converted to trinitrophenyl- (TNP-) derivatives (Hullin et al., 1989). The TNP-derivatives
were purified by TLC using chloroform / acetone / methanol / acetic acid / water
46
(10:4:2:2:0.5) as solvent and extracted from silica as above. TNP-PS and TNP-PE molecular
species were then separated on an Ultrasphere 4.6 * 250 mm ODS (5 m) column (Beckman
Inc., CA, USA) using 30 mM choline chloride in methanol / 25 mm KH2PO4 / acetonitrile /
acetic acid (906:62:25:8) (Patton et al., 1982) as solvent. Fractions were collected and their
radioactivity was measured by liquid scintillation counting. The identity of the cellular PS and
PE molecular species was determined by comparing their relative retention times with TNP-
PE and -PS standards prepared from phosphatidylcholine species by phospholipase D -media-
ted transphosphatidylation (Comfurius et al., 1990). The identification was confirmed using
various other methods (see I).
Lipid extraction and analysis (II and III)
Lipids were extracted according to Folch et al. (1957). All extractions were performed in
silylated glass tubes using 0.58 % NaCl / 0.1 M HCl instead of water. This protocol was
found necessary to obtain a good recovery of PS. Incubation in the acidic solvent also
hydrolysed the alkenylether species of PE, which simplifies the MS spectra. For mass
spectroscopy, the extracts were subjected to HPLC fractionation on a Lichrosphere 100 Diol
column (Alltech, 250 x 4.6 mm, 5 µm particle size) equipped with a light scattering detector
(Silversand and Haux, 1997) and “PE” and “PS” fractions were collected into silylated screw
cap vials (Alltech, Deerfield, IL). For pyrene PS studies, the decarboxylation of diPyrnPS to
diPyrnPE was determined by HPLC using the same Diol column but with on-line fluorescence
detection.
Mass spectrometry and data analysis (II)
Mass-spectrometry was carried out with a PE Sciex API 300 or API 3000 triple quadrupole
instrument as described previously (Koivusalo et al., 2001). The different phospholipid
classes were selectively detected by using headgroup-specific neutral loss scanning (Brügger
et al., 1997). PE and PPA give the characteristic neutral losses of  141 and 155, respectively,
in the positive ion mode, while PS and PT were selectively detected using the neutral losses
of 87 and 101, respectively, in the negative ion mode. PS species labelled from D3-serine
were detected using neutral loss of 90 and 13C4-threonine labelled PT using neutral loss of
105.  PPA derived from 13C4-PT gives the neutral-loss of 158, rather than 159 because one of
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the four 13C-atoms of the threonine headgroup is lost upon decarboxylation. Isotope peak and
sodium adduct subtractions were made when necessary (see II).
The hydrophobicity (effective carbon number) of the different molecular species was
determined from their retention times on a reverse-phase column (cf. Patton et al., 1982).
This method indicated that addition of one, two, three, four, five and six double bonds to the
acyl chain decreases the effective carbon number of an acyl chain by 1.8, 3.1, 4.4, 5.7, 6.9 and
8.2 units, respectively.
Lipid compositions of the subcellular membranes were determined by quantitative ESI-MS
using internal standards. PC and SM were detected by scanning for the precursors of 184 in
the positive ion mode, PI by scanning for the precursors of 241 in the negative ion mode, and
PE and PS by scanning for the neutral loss 141 and 185, respectively in the positive ion mode
(Brügger et al., 1997).
Cell fractionation and enzyme assays (II)
Unlabeled confluent BHK cells (thirty 14-cm dishes) were fractionated essentially as
described (Shiao et al., 1995). Mitochondria were further fractionated into inner and outer
membranes as described (Hovius et al., 1990), except that the digitonin concentration was
increased to 1.35 mg / mg mitochondrial protein to maximally remove the outer membrane
and thus ensure a high purity of the inner membrane fraction.
Membrane fractions were assayed for the following marker enzymes using published
procedures: monoamine oxidase (EC 1.4.3.4) (Weissbach et al., 1960), cytochrome c oxidase
(EC 1.9.3.1) (Storrie and Madden, 1990), NADPH cytochrome c reductase (EC 1.6.2.5)
(Roberts et al., 1991) and -glucosidase (EC 3.2.1.21) (van Hoof and Hers, 1968).
Phosphatidylserine synthase activity was measured as described previously (Rakowska et al.,
1997), except that the extraction was performed at room temperature in the presence of MgCl2
(Trotter et al., 1998).
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Measurement of spontaneous intervesicle translocation rates in vitro (III)
The spontaneous intervesicle translocation rates of diPyr12PS and 18:0/18:1-PS were
determined by using a previously described assay (Jones and Thompson, 1989). Briefly,
negatively charged donor vesicles consisting of POPC, POPG, diPyr12PS and [
3H]18:0/18:1-
PS (850 / 150 / 1 / 10 nmol) and 50,000 cpm [14C]-cholesterol oleate, and uncharged acceptor
vesicles consisting of POPC only were prepared in 10 mM Hepes – 25 mM KCl – 0.5 mM
EDTA, pH 7.0 by probe sonication. Donor and acceptor vesicles (1 and 10 mol total lipid,
respectively) were coincubated at 37 °C in the dark, aliquots were withdrawn at various time
points and applied to DEAE-Sephacel (Amersham Pharmacia Biotech, Uppsala, Sweden)
minicolumn to trap the negatively charged donors. The eluent was then analysed for
diPyr12PS and [
3H]18:0/18:1-PS content by measuring the pyrene excimer fluorescence
intensity or radioactivity, respectively. The leakage of donor vesicles from the column, as
estimated by the amount of [14C]-radioactivity in the eluent, was minor (1.8 ± 1.4 %).
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RESULTS
Translocation of phosphatidylserine molecular species from ER to mitochondria
Phosphatidylethanolamine is more “hydrophilic” than its precursor phosphatidylserine (I)
Most, or even all PE is derived from PS decarboxylation in BHK and CHO cells (see section
1.5). Thus it is striking to find that the molecular species composition of PE is very different
from that of PS. In BHK-PS the major species are 18:0/18:1 (peak 15), 18:1/18:1 (peak 8) and
16:0/18:1 + 16:1/18:0 (peak 7) which constitute about 43, 20 and 17 % of all PS species,
respectively (Fig. 6, upper panel). Notably, there are only minor amounts of the rapidly
eluting species (peaks 1-6). In BHK-PE those rapidly eluting species are relatively much more
abundant than in PS, while the reverse is true for the slowly eluting ones (Fig. 6, bottom
panel). Analogous differences in mass distribution of PS and PE were found in CHO cells
(not shown). Below, the rapidly eluting species will be referred as ”hydrophilic” and to the
slowly eluting species as ”hydrophobic” for convenience.
Figure 6. Reverse phase HPLC analysis of PS and PE molecular species from BHK cells. BHK cells were grown
to confluence in a complete medium and harvested into PBS with a cell scraper. The lipids were extracted, PS
and PE fractions isolated with TLC, converted to TNP-derivatives and separated into molecular species on a C18
reverse phase column. The detection was at 340 nm. The retention times were normalised using the 18:0/18:1
peak as the reference. RRT = relative retention time. The major molecular species eluting in each peak are listed
in Table 1 of (I). Upper panel: PS molecular species. Bottom panel: PE molecular species. Plasmalogens are
marked with an asterix. (Figure 1 in I)
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Preferential translocation of hydrophilic phosphatidylserine species to mitochondria (I)
Pulse-chase labelling studies with [3H]serine showed that the distribution of radioactivity in
both PS and PE molecular species is similar to the distribution of  molecular species in natural
lipids (Figure 2 in I). Extensive control studies were performed to exclude the possibility that
the differences in the [3H]PS and [3H]PE profiles would be due to (i) incorporation of
[3H]label to PE via the sphingosine-phosphoethanolamine pathway (Figure 3 in I), (ii)
extensive incorporation of [3H]label to the diglycerol moiety of PS and PE (Figure 4 in I),
(iii) differences in degradation or remodelling among species (Figure 5 in I), or (iv) selectivity
of the PS decarboxylase enzyme towards specific PS species (Figure 7 in I). Thus the
differences in the [3H]PS and [3H]PE profiles indeed appear to be caused by faster
decarboxylation of the hydrophilic PS species. This, in turn, suggests that hydrophilic species
are translocated from ER/MAM to mitochondria more rapidly than the hydrophobic ones,
since it has been shown that transfer to mitochondria rather than decarboxylation itself is rate-
limiting (Voelker, 1989a).
The kinetics of phosphatidylserine translocation to mitochondria has two components (I)
Figure 7 shows the decay of radioactivity of different 3HPS peaks during a 7.5-hour chase.
Note that some peaks that are minor or not well separated have been grouped together. The
plots indicate that, in each case, there are apparently two components of decay, a fast and a
slow one. However, the fractional contribution of these components varies significantly. For
instance, the fast component accounts for 20, 12 and 2.5% of the total decay in peak groups 1-
4, 7-9 and 14-15, respectively. Also the half-time of the slow component varies significantly
being approx. 10, 18 and 32 h, respectively. It was concluded that there are two, kinetically
distinct pools of PS molecules in BHK cells: one which consists predominantly of the more
hydrophilic PS species and is characterised by a rapid conversion to PE, and another that
consists mostly of the more hydrophobic species which are converted to PE much more
slowly. For the total PS pool, the half-times of the fast and slow components were determined
to be 22 minutes and 28 hours, respectively, and approximately 12 % of the total pool of the
newly-synthesised PS molecules was estimated to be transported to mitochondria via the fast
process in BHK cells. These data are consistent with previous studies suggesting, in a more
qualitative manner, the presence of two pools of PS with different decarboxylation kinetics in
cultured cells (Bjerve, 1985; Vance, 1991; Shiao et al., 1995).
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Figure 7. Analysis of the decarboxylation kinetics
of PS species. BHK cells were labelled 15 minutes
with 3Hserine and chased for up to 7.5 hours.
Since all peaks were not adequately separated, they
were pooled as indicated. The fraction of

3Hradioactivity in PS is plotted as a function of
chase time. The data was analysed by employing
the two-exponential decay model, as it gave
significantly better fits than the single exponential
model. The fractional contributions and half-times
obtained for the fast (F1, T1) and slow (F2, T2)
decay components are shown in the panels. For
some peaks the half-time of the fast component
could not be determined due to paucity of relevant
data points. (Figure 6 in I)
Mass spectroscopic studies of phosphatidylserine molecular species translocation to
mitochondria (II)
Electrospray ionisation mass spectroscopy (ESI-MS) allows a more accurate analysis on the
effect of hydrophobicity than the reverse phase HPLC method used above. By use of
headgroup specific scanning modes nearly all individual molecular species can be quantified.
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BHK cells labelled with D3-serine showed an inverse exponential correlation between the D3-
PE/D3-PS ratio and the calculated molecular hydrophobicity, i.e. the effective carbon number
(Fig 8a, inset). The more hydrophilic species are far more prominent in D3-PE as compared to
its precursor D3-PS. The same is true for unlabelled species as well (Fig. 8b). As PE is derived
from PS by decarboxylation in mitochondria, these results suggest that translocation of PS to
mitochondria is inversely correlated with molecular hydrophobicity.
10
20
30 A
 D3-PS
 D3-PE30 32 34 36
0.5
1.0
1.5
2.0
D
3-
P
E
 / 
D
3-
P
S
Effective CN
 
38
:6
 
33
:2
 
40
:7
 
37
:5
 
35
:3
 
32
:1
 
36
:4
 
34
:2
 
38
:5
 
36
:3
 
33
:1
 
37
:4
 
40
:6
 
35
:2
 
32
:0
 
34
:1
 
38
:4
 
36
:2
 
37
:3
 
33
:0
40
:5
 
35
:1
 
42
:6
 
38
:3
 
37
:2
 
34
:0
 
36
:1
 
40
:4
 
38
:2
 
35
:0
 
37
:1
 
40
:3
 
36
:0
 
38
:1
 
40
:2
 
40
:1
 
42
:2
 
42
:1
10
20
30
40 B
 Molecular species in order of increasing hydrophobicity
 PS
 PE30 32 34 36
5
10
15
20
P
E
 / 
P
S
Effective CN
Figure 8. The PE/PS ratio decreases as a function of lipid hydrophobicity in BHK cells. Molecular species
profiles are shown for D3-PS and D3-PE (Panel A), and unlabelled PS and PE (Panel B). The D3-PE/D3-PS-ratio
is plotted in the inset of panel A as function of increasing molecular hydrophobicity, i.e., the effective carbon
number (CN); see Experimental Procedures. The PE/PS ratio is similarly plotted in the inset of panel B. (Part of
Figure 4 in II)
Also the lack of selectivity of the PSD enzyme towards different PS molecular species was
confirmed by ESI-MS studies. The BHK cell PS fraction was incubated with rat liver PSD in
Triton X-100 micelles. After a 50-min incubation more than 60 % of the total PS pool was
decarboxylated. The relative concentration of nearly all PS species remained essentially
constant at all time points (Figure 6 in II), indicating that the decarboxylase is not sensitive to
the acyl chain structure of PS.
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Translocation of phosphatidylthreonine molecular species from ER to mitochondria
Identification of phosphatidylisopropanolamine, a decarboxylation product of phosphatidyl-
threonine (II)
In accordance with previous data (Mark-Malchoff et al., 1978), significant amounts of phos-
phatidylthreonine (PT) were found in BHK cells by use of ESI-MS and head group -specific
neutral loss scanning. The decarboxylation product of PT, phosphatidylisopropanolamine
(PPA), has not been described so far as an intrinsic component of biological membranes. To
study whether PPA could be produced from PT in BHK cells, a head group -specific neutral
loss specific for isopropanolamine was used to detect PPA. A small amount of PPA was
found in BHK cells (Fig. 9b). The identification was confirmed by presence of 13C3-PPA in
13C4-threonine-labelled cells (Fig. 9c). Thus BHK cells indeed contain PPA, the decarboxyla-
tion product of PT. The concentration of PT can reach or even exceed that of PS in BHK
cells. In contrast, the concentration of PPA in growing cells is low, only about 1 % of that of
diacyl PE. The amount of both PT and PPA increases when the cultures age or if the cells are
kept in serine-free medium, indicating that their production increases upon serine deprivation.
700 725 750 775 800
714 739 764 789 814
PEA
PPAB
717 742 767 792 817
13C-PPAC
717 742 767 792 817
ControlD
Figure 9. ESI-MS spectra obtained from BHK “PE” fraction. BHK cells were labelled with 5.1 mM 13C4-
threonine for 3 days, lipids were extracted and the “PE” fraction was isolated with HPLC and then subjected to
scans specific for PE (NL 141, panel A), PPA (NL 155, panel B) and 13C3-PPA (NL 158, panel C). Panel D
shows the spectrum (NL 158) for cells incubated identically but in the absence of 13C4-threonine. The y-axis
maxima are 200,000  (panel A);  2,500 (panel B) and 3,500 cps (panels C and D). Note that the mass axis scales
have been adjusted to ease comparison. (Figure 2 in II)
54
Preferential translocation of hydrophilic phosphatidylthreonine species to mitochondria (II)
BHK cells labelled with 13C4-threonine showed an inverse exponential correlation between
the 13C3-PPA/
13C4-PT ratio and the calculated molecular hydrophobicity i.e., the effective
carbon number (Fig 10a, inset). The more hydrophilic species are far more prominent in 13C3-
PPA as compared to its precursor 13C4-PT. The same is true for unlabelled species as well
(Fig. 10b). As PPA is derived from PT by decarboxylation in mitochondria, these results
suggest that translocation of PT to mitochondria is inversely correlated with molecular
hydrophobicity.
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Figure 10. The PPA/PT ratio decreases as a function of lipid hydrophobicity in BHK cells. Molecular species
profiles are shown for 13C4-PT and 
13C3-PPA (Panel A) and unlabelled PT and PPA (Panel B). The 
13C3-
PPA/13C4-PT-ratio is plotted in the inset of panel A as function of increasing molecular hydrophobicity, i.e., the
effective carbon number (CN); see Experimental Procedures. The PPA/PT-ratio is similarly plotted in the inset
of panel B. (Part of Figure 4 in II)
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Phosphatidylthreonine is a poor substrate for phosphatidylserine decarboxylase (II)
The concentration of PPA in BHK cells remained low even when the concentration of its
precursor, PT, exceeded that of PS. This was shown to be due to PT being a poor substrate for
the decarboxylase as compared to PS. In Triton X-100 micelles containing PS decarboxylase
the PS/PT-ratio fell to 1/20 during the 180 min-incubation (Figure 5 in II). Although PT was
a poor substrate for PS decarboxylase, it did not accumulate to IMM in large amounts. The
PT/PS-ratio in IMM was approximately double as compared to the PT/PS-ratio in the
postnuclear supernatant and other organelles, but the amounts of both PS and PT were
extremely low, 0.7 % and 1.2 % of total phospholipids of IMM, respectively (Table 1 in II).
Translocation of phosphatidylserine species from plasma membrane to mitochondria
Preferential translocation of short-chain dipyrene phosphatidylserine species from plasma
membrane to mitochondria (III)
Different dipyrene PS (diPyrnPS, n = 4-14) species were introduced to the plasma membrane
of BHK cells. The rate of diPyrnPS decarboxylation decreased strongly with increasing acyl
chain length, irrespective of whether vesicle fusion or -CD-mediated transfer was used to
introduce the labelled lipids to cells (Fig. 11a,b). The deviating behaviour of diPyr4PS is
probably due to that its translocation to mitochondria is so fast (> 5 % decarboxylated already
during the 1 minute labelling period) that decarboxylation becomes rate-limiting. This is
unlikely to occur with the more hydrophobic species because for them the rate of
decarboxylation exceeds the rate of translocation. As seen in Figure 11c, diPyr4PS is a poor
substrate for PS decarboxylase. This unnaturally short PS species was decarboxylated about 9
times slower than DiPyr14PS in Triton micelles. Although it is not possible to accurately
correct the transfer rate obtained for diPyr4PS based on the data in Fig. 11c, it is likely that
such a correction would place the diPyr4PS data point on the dashed line drawn in Fig. 11a,b.
In conclusion, it seems that the rate of diPyrnPS transport from the plasma membrane to
mitochondria decreases in a nearly logarithmic manner with increasing acyl chain length.
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Figure 11. Effect of diPyrnPS chain length on its rate of conversion to diPyrnPE in BHK cells. Panel A:
DiPyrnPS species (n = 4-14) were introduced to BHK cells with the vesicle fusion method. The rate of PS
decarboxylation, which is assumed to be equal to the rate of PS translocation to mitochondria, was determined
by HPLC analysis. The deviating behaviour of diPyr4PS is probably due to that its translocation to mitochondria
is so fast that decarboxylation becomes rate-limiting. The dashed line has been drawn based on the finding that
the rate of decarboxylation decreases in a logarithmic manner for species n = 6-14. Panel B: As in panel A but
the -CD method was used for labelling (n = 4-10). The dashed line has been drawn based on the finding that the
rate of decarboxylation decreases in a logarithmic manner for species n = 6-10. Panel C: Decarboxylation of
diPyrnPS species solubilised individually in Triton X-100-micelles with PS decarboxylase obtained from purified
rat liver mitochondria. The incubation was carried out at 37 °C for 30 minutes. In this case no translocation step
is needed and therefore the data reflect the substrate specificity of the decarboxylase enzyme. (Figure 2 in III)
Spontaneous and nsL-TP-mediated diffusion are known to decrease logarithmically with acyl
chain length (see Figure 13 in Discussion). However, the nonspecific lipid transfer protein
(nsL-TP) is not involved in PS translocation from plasma membrane to mitochondria since
practically identical decarboxylation rates of exogenous diPyrnPS were obtained for wild type
and mutant CHO cells lacking nsL-TP (Figure 4 in III). Also vesicular traffic seems highly
improbable, as (i) various inhibitors arresting vesicular traffic had no significant effect on
diPyr10PS translocation to mitochondria (Table 2 in III) and (ii) since the diPyrnPS
translocation rate decreased smoothly with decreasing temperature (Figure 5a in III), while
endocytosis is known to change in a more abrupt manner with decreasing temperature (Weigel
and Oka, 1981; Marsh et al., 1983). Thus it seems that spontaneous diffusion could be the
mechanism of translocation of PS from plasma membrane to mitochondria, although the
possibility for facilitating proteins (other than nsL-TP) is not excluded.
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The spontaneous translocation rate of diPyr12PS is similar to that of 18:0/18:1-PS (III)
To act as good probes, fluorescent phospholipid analogues should have similar hydro-
phobicity and spontaneous diffusion rates as their natural counterparts. The hydrophobicity of
diPyr12PS and that of the most abundant species of natural PS, 18:0/18:1-PS, are similar as
estimated from reverse phase HPLC retention times (Tanhuanpää and Somerharju, 1999). It
was further investigated whether also their spontaneous diffusion rates would be similar, and
the spontaneous intervesicle  translocation rate of diPyr12PS was found to be similar to that of
18:0/18:1-PS (Figure 12) as was shown by using an in vitro transfer assay (Jones and
Thompson, 1989). Both PS species were incorporated to the same donor vesicles to exclude
effects due to possible variation of the vesicle structure. The spontaneous translocation rate of
diPyr12PS is virtually identical to that of 18:0/18:1-PS (half-times 349 ± 22 and 323 ± 8 hours,
respectively). Thus the long-chain diPyrnPS species should report correctly on trafficking
properties of the natural PS species.
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Figure 12. Spontaneous intervesicle  translocation rate of diPyr12PS and 18:0/18:1-PS. Donor vesicles containing
both diPyr12PS (open symbols) and [
3H]-18:0/18:1-PS (closed symbols) were incubated with unlabelled acceptor
vesicles for the indicated times, after which the acceptors were isolated using an anion-exchange column and
their diPyr12PS and [
3H]-18:0/18:1-PS contents were analysed based on pyrene excimer fluorescence intensity
and radioactivity, respectively. The y-axis indicates the fraction of labelled PS species found in the acceptors.
Contamination of the acceptor fraction by donor vesicles was 1.85 ± 1.47 % as estimated based on the content of
[14C]-cholesterol oleate, the non-exchangeable donor marker. The lines represent fits of a single exponential
equation to the diPyr12PS data (dashed line) and [
3H]-18:0/18:1-PS data (solid line). It was assumed that 67 % of
both PS species was available for transfer, i.e. present in the outer leaflet of the donor vesicles (cf. Wimley and
Thompson, 1990). (Figure 3 in III)
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ESI-MS and stable isotope -labelled precursors in lipid trafficking studies (II)
Our study has also important methodological relevance. Stable isotope -labelling in combina-
tion with ESI-MS has not been used for studying intracellular lipid trafficking before. This
approach has many advantages over conventional chromatographic methods. First of all, it is
possible to determine both the unlabelled and labelled molecular species simply by using
specific neutral loss values. Second, the specific labelling can be determined with a 3-5 orders
of magnitude higher sensitivity than with radioactive labelling. Third, quantification of the
molecular species as well as their labelling is far more rapid and convenient with ESI-MS as
compared to chromatographic methods. Fourth, nonspecific labelling due to metabolism of
the precursor does not hamper analysis, since the neutral loss scanning detects only the
molecules which have incorporated the labelled precursor to their head group. Finally, the
high specificity of the ESI-MS detection allows the use of multiple precursors simultaneously.
The drawback of the ESI-method is the requirement for an expensive instrument.
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DISCUSSION
Effect of lipid hydrophobicity on its rate of translocation depends on the mechanism of
translocation
In theory, any of the following mechanisms could be involved in the translocation of PS from
other organelles to mitochondria: (i) vesicular transport, (ii) spontaneous or (iii) protein-
assisted diffusion via the cytoplasm or (iv) lateral diffusion via membrane fusion (or
hemifusion) sites. One possibility to distinguish between these alternative mechanisms is to
determine the effect of lipid hydrophobicity on the rate of translocation (Figure 13). First, it is
very likely that vesicular transport does not depend on the hydrophobicity of the lipid to be
transferred. Also transport relying on lateral diffusion via membrane (hemi)fusion sites should
not depend significantly on lipid hydrophobicity (Derzko and Jacobson, 1980). In contrast, an
optimum regarding the hydrophobicity of the lipid to be transferred has been observed for the
mammalian phospholipid carrier proteins (Somerharju et al., 1987; van Paridon et al., 1988;
Kasurinen et al., 1990). On the other hand, spontaneous diffusion via an aqueous phase is
known to decrease logarithmically with acyl chain length because the efflux of the lipid from
the donor membrane is the rate-limiting step (McLean and Phillips, 1981; Massey et al.,
1982a; Massey et al., 1984; Silvius and Leventis, 1993). The ability of the nonspecific lipid
transfer protein (nsL-TP) to enhance (phospho)lipid transfer also decreases logarithmically
with lipid hydrophobicity (Nichols and Pagano, 1983; van Amerongen et al., 1989).
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Figure 13. Effect of lipid hydrophobicity on the different mechanisms of intermembrane lipid transfer. The
curves are based either on theoretical predictions or experimental data (see text). It is important to note that if
several mechanisms operate simultaneously, the observed hydrophobicity dependency can be a combination of
the curves shown here, depending on the relative importance of the different mechanisms. However, spontaneous
translocation of the less hydrophobic species will always occur and will thus contribute to the observed
hydrophobicity dependence. (Figure 6 in III)
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The effect of PS hydrophobicity on its translocation rate was used in these studies to find out
by which mechanism PS is translocated from ER/MAM and plasma membrane to
mitochondria.
Mechanism of phosphatidylserine translocation from ER to mitochondria
It was found that translocation of PS from ER to mitochondria is strongly dependent on
molecular hydrophobicity. The hydrophilic PS species are rapidly translocated to
mitochondria where they are converted to PE, whereas the hydrophobic PS species are
translocated in much slower rate (I, II). This suggests that the rate-limiting step in the overall
translocation process is the desorption of the PS molecule from the ER/MAM membrane,
which in turn indicates that spontaneous translocation via cytoplasm is the translocation
mechanism. This result may seem unexpected since translocation of natural phospholipids by
spontaneous efflux is generally considered as a very slow process (half-time tens of hours).
However, the rate of spontaneous translocation can increase remarkably at higher membrane
concentrations. It has been shown that the half-time for transfer of palmitoyl-oleoyl-PC
between lipid vesicles decreased from 46 to 7 hours when the acceptor vesicle concentration
was increased from 2.5 to 40 mM (Jones and Thompson, 1990). The latter half-time is similar
to that for the transport of newly-synthesised PS from ER/MAM to mitochondria (Voelker,
1985; Vance and Vance, 1988, article I). The enhancement of transfer at higher membrane
concentrations has been attributed to stabilisation of the transition-state monomers by their
interaction with the acceptor membrane (Jones and Thompson, 1990). According to
morphological (Franke and Kartenbeck, 1971; Morré et al., 1971; Lewis and Tata, 1973;
Meier et al., 1981) and biochemical studies (Vance, 1990; Gaigg et al., 1995) the ER/MAM
and the outer mitochondrial membranes are closely associated. This means that the local
concentration of the donor and acceptor membranes is very high, which should favour
collision-enhanced intermembrane monomer diffusion.
The results indicate that PS transfer from ER/MAM to mitochondria would occur by
spontaneous diffusion. However, mitochondrial (Camici and Corazzi, 1997; Shiao et al.,
1998; Achleitner et al., 1999) and soluble proteins (Kuge et al., 2001) have been shown to
participate in PS translocation to mitochondria. The involvement of proteins does not by any
means rule out spontaneous diffusion, or vice versa. The role of protein(s) could be that PS-
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binding protein(s) present on mitochondrial surface preferentially bind regions of MAM
enriched in PS (Shiao et al., 1998).
Mechanism of phosphatidylthreonine translocation from ER to mitochondria
The concentration of PPA in BHK cells remained low even when the concentration of its
precursor, PT, exceeded that of PS (II). The reason for this seems to be that that PT is a poor
substrate for the PS decarboxylase (Figure 5 in II). Alternatively, PT might not translocate
efficiently to mitochondria. This latter possibility seems unlikely since the PT content of IMM
was higher than that of PS (Table 1 in II). On the other hand, if PT indeed moves efficiently
to mitochondria, why does it not, being a poor substrate for the decarboxylase, accumulate in
IMM? A feasible explanation is that the high negative charge of the IMM bilayer, due to the
presence of high concentrations of cardiolipin in this membrane (Daum, 1985), repels PT
which is also negatively charged. Thus, even if PT would readily enter IMM, its steady-state
concentration therein would remain low due to its fast exit back to ER.
In conclusion, phosphatidylthreonine is translocated to mitochondria but is poorly decarboxy-
lated to phosphatidylisopropanolamine. The preference of PS decarboxylase for PS over PT is
reminiscent of that of PS synthase (Mitoma et al., 1998b).
Mechanism of phosphatidylserine translocation from plasma membrane to mitochondria
Like translocation from ER/MAM to mitochondria, PS translocation from the plasma
membrane to mitochondria is also strongly dependent on its hydrophobicity (III), indicating
that the desorption from a membrane surface is the rate-limiting step of translocation.
Therefore, it seems that this translocation occurs by spontaneous diffusion. This putative
mechanism is supported by the high value obtained for diPyr8PS activation energy (85
kJ/mol), typical for desorption of both natural (McLean and Phillips, 1984; Wimley and
Thompson, 1990) as well as pyrene (Massey et al., 1982a; Tanhuanpää et al., 2001) lipids
from a bilayer.
There are several reasons to believe that the data obtained with diPyrnPS is relevant for
natural PS species as well. First, even though the pyrene moiety is relatively bulky, it actually
only slightly increases the effective surface area of the labelled lipid molecule (Somerharju et
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al., 1985). Second, pyrene does not significantly distort the conformation of the acyl chain or
the whole molecule (Eklund et al., 1992; Sassaroli et al., 1995). Third, pyrene lipids are
metabolised similarly to the natural ones (Naylor et al., 1991; Kasurinen and Somerharju,
1992, 1995). Fourth, pyrene-labelled lipids are good substrates for phospholipid carrier
proteins (Somerharju et al., 1987; van Paridon et al., 1988) as well as for nsL-TP (van
Amerongen et al., 1989). Finally, and most importantly, the spontaneous intermembrane
diffusion rates of the long-chain diPyrnPS species (n = 8-14) appear to be very similar to that
of typical natural species. This was confirmed by showing that the spontaneous
intermembrane translocation rate of diPyr12PS is virtually identical to that of 18:0/18:1-PS,
the most common PS species in BHK cells (Figure 12). One can estimate that the range of
spontaneous translocation rates of diPyr8PS - diPyr14PS species covers well that of the typical
natural species (cf. Tanhuanpää and Somerharju, 1999).
The results suggest that PS transfer from plasma membrane to mitochondria is likely to occur
by spontaneous diffusion. However, there could be proteins bringing the plasma membrane
and mitochondria temporarily to close proximity, thereby enhancing PS efflux from the
former to the latter. Again, the possible involvement of proteins would not rule out
spontaneous diffusion.
Maintenance of high phosphatidylserine concentration in the inner leaflet of plasma
membrane
It has not been clear how the cell achieves and maintains the high PS content, up to one third
of all phospholipids, in the inner leaflet of its plasma membrane. The following tentative
model that could explain this is proposed (Figure 14). PS is synthesised in ER/MAM, from
where a fraction of the newly-synthesised PS molecules rapidly moves to mitochondria (thick
black arrow) where it is decarboxylated to PE. Notably, of the newly-synthesised PS species
the more hydrophilic (i.e., species having shorter and/or more unsaturated acyl chains) ones
move to mitochondria much more rapidly than the hydrophobic ones. As a result, the PS
species remaining in the ER/MAM are, on the average, more hydrophobic than those initially
synthesised. Many of these PS molecules obviously incorporate to exocytic vesicles and are
thus transported to the plasma membrane. During this transport and after their arrival to the
plasma membrane the still remaining hydrophilic PS species tend to diffuse to mitochondria
(thin arrows) either directly or via other organelles, such as endosomes and ER. Supporting
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this hypothetical model, it was shown that the transport of newly-synthesised hydrophilic PS
species occurs in two phases, in a rapid and a slow one, while only the slow phase was
observed for the hydrophobic species. The rapid phase probably corresponds to translocation
from MAM to mitochondria soon after synthesis, while the slower one may correspond to the
subsequent translocation from organelles along the exocytotic pathway and the plasma
membrane to mitochondria.
PM
Golgi
ER
Mito
MAM
Figure 14.  A tentative model for intracellular trafficking of phosphatidylserine. Phosphatidylserine is synthe-
sised preferentially in an ER domain associated with mitochondria (MAM), wherefrom a major fraction of the
newly-synthesised molecules move to mitochondria in a hydrophobicity-dependent manner (thick closed arrow).
In the mitochondria, these molecules are then rapidly decarboxylated to PE by PS decarboxylase located in the
inner membrane. The remaining PS molecules can move to the Golgi apparatus, plasma membrane and
endocytotic membranes in vesicles (open thick arrows). From these membranes the more hydrophilic molecules
can diffuse spontaneously via the cytoplasm to mitochondria (thin arrows). See text for further details.
Abbreviations: ER, endoplasmic reticulum; PM, plasma membrane, MAM, mitochondria-associated ER
membrane.
64
The depletion of more hydrophilic PS species due to their easy translocation to mitochondria
after their synthesis in the ER/MAM could be crucial for the maintenance of a high
concentration of PS in the inner leaflet of the plasma membrane, because the remaining
hydrophobic PS molecules would have little tendency to efflux from this membrane. Would
the cell synthesise only relatively hydrophilic PS species, it would be confronted with
frustrating efforts of maintaining adequate levels of PS in the plasma membrane as well as
other membranes. Notably, the model also predicts that if the rate of PS synthesis is relatively
slow compared to the rate of its desorption from membranes, the PS molecular species
compositions of different cellular organelle membranes should be similar. In this context, it is
relevant to mention that the PS molecular species composition of the influenza and vesicular
stomatitis viruses budding from the plasma membrane of human skin fibroblasts are closely
similar to that of the whole cell (Blom et al., 2001).
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CONCLUSIONS
The translocation of phosphatidylserine from ER and plasma
membrane to mitochondria was studied. The following main
conclusions were drawn:
 Desorption from the donor membrane seems to be the rate-limiting
step of phosphatidylserine translocation from ER and plasma
membrane to mitochondria. This suggests that spontaneous
diffusion is the translocation mechanism. However, the
involvement of (unknown) proteins cannot be excluded.
 Preferential synthesis of hydrophobic phosphatidylserine species
and rapid depletion of the hydrophilic ones (due to their rapid
translocation to mitochondria) is likely to be important for the
maintenance of a high concentration of phosphatidylserine in the
inner leaflet of the plasma membrane.
 Spontaneous monomer diffusion via the cytoplasm could play an
important role in regulating the lipid composition of organelle
membranes.
 Electrospray ionisation mass spectroscopy in combination with
stable isotope precursor labelling is a very promising tool in
intracellular lipid trafficking studies.
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